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A investigação no tema de extração com dióxido carbono supercrítico (SFE) de 
compostos de valor acrescentado a partir de biomassa vegetal tem sido 
fortemente impulsionada por duas motivações: a valorização de subprodutos e 
a biorefinaria. 
 
Neste trabalho seis estágios diferentes da investigação neste campo são 
abordados: a caraterização preliminar de extratos, a otimização experimental, a 
medição de curvas cinéticas, a modelação das mesmas, estudos de 
escalabilidade (scale-up), e a análise tecno-económica. Para este efeito, 
selecionaram-se subprodutos e resíduos agroflorestais promissores, a saber: 
resíduos de café, folhas e ramos de jacinto de água, cortiça de carvalho turco, 
sementes de moringa, fruto gac, e casca de eucalipto, com especial ênfase 
neste último pela sua pertinência no contexto industrial português, 
nomeadamente para o setor da pasta e papel. O trabalho experimental focou-
se em extratos crude e compostos bioativos com potencial para aplicações em 
cosmética e nutracêutica, tais como os ácidos triterpénicos (ácidos ursólico, 
oleanólico, betulínico), diterpenos (cafestol, kahweol, 16-O-methylcafestol), 
esteróis (estigmasterol, etc), friedelina, e licopeno. 
 
 Casca de eucalipto (Eucalyptus globulus): puro ou modificado com etanol, o 
SC-CO2 foi capaz de remover ácidos triterpénicos, e a medição e modelação 
de curvas de extração em condições ótimas (200 bar, 40 ºC e 2.5-5.0 % m/m 
de etanol) apontaram o rácio entre o caudal e a massa de biomassa como o 
critério de scale-up apropriado para o processo. Seguindo este critério 
realizou-se com sucesso um scale-up experimental a três escalas: 0.5, 5.0, 
and 80 L. 
 Cortiça de carvalho turco (Quercus cerris): extratos crude contendo cerca de 
35 % m/m de friedelina foram produzidos com sucesso por SFE e as curvas 
de extração foram modeladas. A seletividade para a friedelina pode atingir 
2.5 através da correta seleção do tamanho de partícula, quantidade de 
cosolvente (etanol) e tempo de extração. 
 Folhas e ramos de jacinto de água (Eichhornia crassipes): extratos ricos em 
estigmasterol foram obtidos para tempos de extração curtos (<1 h). As 
condições ótimas para o rendimento total de extração são 250–300 bar e 5.0 
% m/m de etanol, enquanto que para os esteróis são 300 bar e 2.5 % m/m 
 Resíduos de tomate (Solanum lycopersicum): tanto o dióxido de carbono 
como o etano podem ser usados como solvente supercrítico para produzir 
um óleo essencial que é rico em licopeno. A viabilidade da SFE foi 
demonstrada, e apesar de o etano conduzir a maior produtividade, mais 
investigação é necessária para definir qual dos solventes é preferível na 
globalidade. 
 Fruta gac (Momordica. cochinchinensis): poderá ser uma promissora e 
economicamente viável fonte de carotenos, quando extraídos por SFE a 400 
bar, 70-90                
     , durante 0.5-1.0 h. 
 Sementes de moringa (Moringa oleifera): uma análise tecno-económica 
revelou que um processo integrado bem projetado e combinando SFE com 
destilação a vácuo permite a produção simultânea de um óleo essencial e de 
um extratos com uma concentração de esteróis de 89.4 %. 
 Borras de café (Coffea spp.): o óleo produzido por SFE é até 4.1 vezes mais 
rico em diterpenos do que extratos obtidos com n-hexano, e um processo 
altamente rentável é esperado a nível comercial. 
 
No cômputo geral, esta tese contribui para a sistematização de uma 
abordagem científica e técnica que promova a valorização industrial de 


























The research on supercritical CO2 extraction (SFE) of added value compounds 
from vegetal biomass has been strongly driven by by-products valorization and 
biorefinery motivations. 
 
 In this work, preliminary characterization of extracts, experimental optimization, 
measurement of kinetic curves, modeling, scale-up, and techno-economic 
analysis are covered. For this, several promising agro-forest by-products and 
residues were selected: spent coffee grounds, water hyacinth stalks and 
leaves, Turkish oak cork, moringa seed, tomato wastes, gac fruit, and eucalypt 
bark, with a strong emphasis on the latter due to its pertinence for the 
Portuguese industrial pulp and paper sector. Experimental work focused on 
bulk extracts and bioactive compounds with potential cosmetic and 
nutraceutical applications, such as essential oils, triterpenic acids (ursolic, 
oleanolic, and betulinic acids), diterpenes (cafestol, kahweol, 16-O-
methylcafestol), sterols (e.g., stigmasterol), friedeline, and lycopene. The main 
results are: 
 Eucalypt (Eucalyptus globulus) bark: whether pure or modified with ethanol, 
SC-CO2 was able to remove triterpenic acids, and the measurement and 
modeling of extraction curves under optimum conditions (200 bar, 40 ºC and 
2.5-5.0 wt.% of ethanol) pointed the ratio between solvent flow rate and 
biomass weight as the appropriate scale-up criterion of the process. With this 
criterion, a successful experimental scale-up was achieved at three scales: 
0.5, 5.0, and 80 L. 
 Turkish oak (Quercus cerris) cork: bulk extracts containing ca. 35 wt.% of 
friedeline were successfully produced by SFE and the extraction curves were 
modeled. The selectivity to friedeline can reach up to 2.5 through a correct 
selection of particle size, cosolvent (ethanol) amounts and extraction time. 
 Water hyacinth (Eichhornia crassipes) leaves and stalks: stigmasterol 
enriched extracts were obtained for shorter times (<1 h). The optimized 
conditions for total extraction yield were 250–300 bar and 5.0 wt.% ethanol, 
while for sterols were 300 bar and 2.5 wt.%. 
 Tomato (Solanum lycopersicum) wastes: both carbon dioxide and ethane can 
be used as supercritical solvents to produce an essential oil that is rich in 
lycopene. The viability of the SFE was demonstrated, but while ethane led to 
greater productivity, further research is needed to define which one is 
preferable on a global basis. 
 Gac (Momordica. cochinchinensis) fruit: it may be a promising and 
economically viable source of carotenes when produced by SFE at 400 bar, 
70-90               
     , during 0.5-1.0 h. 
 Moringa (Moringa oleifera) seeds: a techno-economic analysis unveiled that a 
well designed integrated process combining SFE and vacuum distillation 
allows the simultaneous production of an essential oil and a sterols enriched 
extract with 89.4 % concentration. 
 Spent coffee (Coffea spp.) grounds: the oil produced by SFE is up to 4.1 
times richer in diterpenes than n-hexane extracts, and a highly profitable 
process may be expected at commercial level. 
In the whole, the presented thesis contributes to the systematization of a 
scientific and technical approach to foster the industrial valorization of vegetal 
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1 MOTIVATION AND STRUCTURE OF THE THESIS 
 
n important answer to environmental pollution and sustainability issues encompasses a 
transition to organic solvent-free products and processes [1]. This change of paradigm 
can only be fruitful if the new processes are reliable as well as technically and 
economically advantageous. Therefore, chemists and engineers should collaborate in the 
development of supporting know-how for such improvements. 
 
The scientific community has been rather prolific in studies centered on the high pressure 
technology known as supercritical fluid extraction (SFE), which exploits thermodynamic and 
kinetic features of fluids above their critical points, with special emphasis on the use of carbon 
dioxide (CO2) as solvent. Specifically, SFE has been exploited to retain the natural character of 
products after their processing/production stage and, simultaneously, avoid the presence of 
organic solvents as contaminants, thus increasing the market value of the final products [2]. This 
is not only true for food-related applications but also for cosmetics and even pharmaceuticals. 
As a result, in the last years SFE has been studied for the isolation of valuable extracts and/or 
components from a vast group of plant species. Despite the main motivation for SFE is the 
replacement of organic solvents by fluids bearing the so-called Generally Recognized as Safe 
(GRAS) standard [3], emphasis is rarely given to the fact that SFE may impart synergies and 
improvements to both processes and products in comparison to conventional solid-liquid 
extraction (SLE). Some of these advantages include: a more compact layout of SFE units with 
significant savings on machinery and space, wiser industrial process design, not only by means of 
integration but also by still weakly exploited coupling opportunities. It has been estimated that 
the number of industrial SFE plants with a total extraction volume of more than 500 L that are 
in operation in the world has surpassed the round number of 150 [4]. This is an 
acknowledgement of the global acceptance of SFE for industrial separation processes. 
 
On the other hand, as the worldwide demand grows for many of the goods produced by 
beverages, food, and pulp and paper industries, the question of dealing with the consequent 
vegetable biomass residues becomes increasingly pertinent. The wastes in question typically 
arise from biomass pretreatment procedures (e.g. debarking, comminution, sieving) but also 
include the processed biomass that is functionally exhausted. The valorization of such residues is 
a likely strategy to unveil added-value opportunities that may justify further processing steps. A 
sound embodiment for the valorization of vegetal biomass is the biorefinery concept, which 
aims at an integration of processes and the launching of biobased products from biomass 
refining, with an incisive emphasis on green technologies. 
 
This thesis arises from the described contexts, and intends to cover the stages between the 













Based on the research work, it was possible to systematize the SFE research in six key stages: 1) 
Preliminary SFE + characterization of extracts; 2) Experimental optimization; 3) Measurement 
of extraction curves; 4) Kinetic modeling; 5) Scale-up; 6) Techno-economic analysis. These are 
schematized in Figure 1.1 in a sequenced order, as they are supposed to be carried out in series, 
rather than in parallel (e.g. scale-up coming after experimental optimization, or modeling 
coming after preliminary SFE assays). 
 
 
Figure 1.1 – Proposed systematization of the SFE research in six key stages, based on the 
analysis of the literature since 2000. 
 
Globally, the thesis was structured in order to address and cover all these stages as structural 
divisions of the research on SFE of vegetal biomass. Despite possible casuistic nuances, these 
stages can be considered independent of the biomass-solvent pairs that are studied in particular. 
For this reason, seven vegetal species of interest were considered during the research work for 
this thesis, namely: coffee (Coffea spp.), water hyacinth (Eichornia crassipes), turkish oak (Quercus 
cerris), tomato (Solanum lycopersicum L.), gac (Momordica cochinchinensis Spreng), moringa seed 
(Moringa oleifera L.) and eucalypt (Eucalyptus globulus), with a strong emphasis on the latter due 
to its pertinence for the Portuguese pulp and paper industrial sector. These species were studied 
with special focus on different target compounds and families of extractives, such as triterpenic 
acids (found in eucalypt), diterpenes (coffee), sterols (water hyacinth and moringa), friedelin 
(Turkish oak), lycopene (tomato and gac), whose importance is emphasized in the introduction 
chapter of the thesis. 
 
The matching of the different biomass sources and extractives with the research stages to 
systematize in this thesis is furnished in Table 1.1, which intends to be a guide to understand the 
information that is presented and cited in the successive chapters of this dissertation, namely the 














Table 1.1 – Summary and systematization of the work accomplished during the PhD 








Introduction 2  -  - [5-7] 
Preliminary SFE + 
characterization of extracts 
3 Eucalypt Triterpenic acids [8] 















Kinetic modeling 6 Water hyacinth 




Scale-up 7 Eucalypt Triterpenic acids [13] 
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This chapter is essentially based on a published review comprising a large compilation of almost 600 
essays from 2000 to 2013, that allowed SFE indicators and trends to be unveiled [1]. It also includes 
parts of another review article on lab to exploitation SFE of triterpenes [2], and a book chapter devoted to 
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n the period of 2000 to 2013, the extracts of more than 300 plant species have been studied 
using supercritical fluid extraction (SFE) technology. It is worth noting the major share of 
SFE research covers vegetable biomass [4-5]. While many extracts and pure components of 
these species are already in use for human nutrition and health purposes, others represent 
potentially new applications involving plants whose knowledge, in most of the cases, has been 
empirically established or still lacks scientific analysis.  
 
The remarkable interest of scientific community on this technology has been driven by the great 
versatility of carbon dioxide, the most used solvent in supercritical state, whose properties can 
be tuned in order to provide extracts with desirable compositions (selectivity enhancements), 
while at the same time it ensures an innocuous separation process both to human health and to 
the environment. Other solvents (e.g. ethane, propane) have also been object of research but 
their use is not as widespread as carbon dioxide, and for this reason the emphasis of this review 
is on supercritical carbon dioxide (SC-CO2). 
 
In what concerns food related species, the great expansion of nutraceuticals market in recent 
years, as an emerging sector comprising the use of dietary substances for prevention of diseases 
[6], has been attracting the attention of researchers and food industry. In this context, SFE is 
advantageously positioned as a sustainable and safe extraction option for the preparation of plant 
extracts for supplements and nutrient enriched products in which, as Perrut anticipated in 2000 
[7], the natural character of the preparation mode has a high marketing value. Besides those 
requisites, when SFE is applied to eatable raw materials as a pretreatment for removal of 
compounds (e.g. cleaning of rice), other advantages are also observed, such as enhancement of 
product shelf life and, eventually, the shortening of the cooking time [4]. In addition, research 
on this field has also explored the valorization of residues from main stream processes [8-9]. 
 
Considering the abundance of compounds that are prone to be found in supercritical extracts, it 
becomes pertinent to expose different possible focuses of SFE researchers for the vegetables 
under investigation. For this, it is convenient to divide biomass species based on usual extract 
classifications, namely edible oils (higher volume, lower value) and essential oils (higher value, 
lower volume). 
 
The most abundant extracts from vegetable matrices are the edible oils, which are mostly 
constituted by mixtures of triacylglycerides obtained with high extraction yields from the 
following typical sources: palm, soybean, sunflower, rapeseed, peanut, cottonseed, coconut, 
olive, corn, and sesame species. An edible oil, like palm oil, may reach triacylglycerides 
concentrations around 95 % [10], and the use of SFE is many times devoted to other purposes 
than their bulk extraction. Instead, it is more commonly linked to attempts to enhance the 
concentration of valuable compounds existing in minor concentrations. In the whole, SFE 














i) tentative replacement of organic solvents like n-hexane as extraction agents, 
avoiding thus the consequent environmental and human health hazards; 
ii) enrichment of main stream oils with bioactive or other distinctive minor 
constituents. In this respect, one may mention several SFE works on palm [11-13], 
where -carotene, squalene, -tocopherol contents were evaluated; 
iii) valorization of vegetable residues or by-products from main extraction processes in 
order to uptake available bioactive molecules. Several works on sunflower distillate 
[14-15], soybean distillate [16-17], olive pomace [18-19], and olive husk [20-21] are 
examples of this approach. 
iv) valorization of non-explored vegetable parts that do not belong to the prime oil 
extraction process, such in the cases of SFE of sunflower leaves [22-24] and of olive 
leaves [25]. 
Essential oil is the general classification used for volatile oils that can be obtained by steam 
distillation of plants. This category of extracts has been the core area of the research on SFE of 
natural matrixes since 2000 because it includes valuable specialty oils. Although the extraction 
yields obtained through the employment of SC-CO2 are quite flexible, it is common to establish 
essential oils as a group of natural extracts comprising up to 5 % of vegetal dry matter. 
 
The presence of bioactive compounds makes essential oils interesting for numerous 
applications. With respect to their commercial relevance, they are widely applied in segments 
such as flavors, fragrances, food ingredients, nutraceuticals, phytopharmaceuticals and 
cosmetics. In this context, the research on SFE has mainly aimed at technical validation, in order 
to support its feasibility as an alternative process for applications where the desired green 
and/or healthy characters are required. Different approaches can be found in the literature 
regarding the SFE of essential oils:  
 
i) for new or unusual plant species, SFE is sometimes used simply as an exploratory 
method that provides new extracts to be further characterized, purified or tested 
regarding their bioactivity or other distinctive features. Works involving Ligusticum 
chuanxiong [26] , Cyperus rotundus [27], Cassia tora [28] may be consulted in this respect. 
 
ii) for species whose extracts and bioactive compounds are known, SFE advantages as an 
alternative technology are assessed in comparison to other methods, usually organic 
solvent extraction or steam distillation. Examples of this approach are found in the 
publications regarding yerba mansa (Anemopsis californica) [29], Catharanthus roseus [30], 
Zataria multiflora Boiss [31], thyme (Thymus vulgaris L) [32]. 
 
iii)  concentration enhancement of bioactive or organolepsy related compounds in extracts 
by means of supercritical fractionation, multistage decompression, or combination of 
SFE with matrix pretreatments.  Matrix pretreatment examples may be consulted in 
SFE works of grape seed [33-34], and turmeric (Curcuma longa L) [35], while 













[36], origanum (Origanum vulgare L.) [37] and chamomile (Matricaria chamomilla) [38]. 
Multistage decompression can be found in the following works: SFE of laurel (Laurus 
nobilis) [39], sea buckthorn (Hippophae rhamnoides L.) [40] and rosemary (Rosmarinus 
officinalis L.) [41]. 
 
2.1 VEGETAL BIOMASS SOURCES 
 
When overviewing the field of vegetable matrices extracts for a period larger than a decade, a 
vast group of species arises as issue of SFE research, hence revealing the strong interest and 
attention that supercritical fluids have conquered. A wide-ranging compilation of works in this 
field is presented in Table S1 (see supplementary material in the end of this chapter), sorted by 
the scientic names of plant species substrates. Information regarding the vegetable species, 
target molecules and operating conditions (pressure, temperature, solvent flow rate, and 
cosolvent content) are provided for each SFE publication, as well as the respective analytical 
techniques employed and complementary features about each work. 
 
Among the vast group of species that have been studied under the scope of SFE, some have 
appeared in great number in literature since 2000. It is the case of grape (Vitis vinifera L.) [33, 
42-63], tomato (Solanum lycopersicum L.) [64-73], thyme (Thymus vulgaris L.) [32, 74-81], 
eucalypt (Eucalyptus spp.) [82-90], coffee (Coffea spp.) [91-99], sunflower (Heliantus annuus L.) 
[14-15, 22-24, 100-101], flax (Linum usitatissimum) [102-106], rosemary (Rosmarinus officinalis 
L.) [41, 107-113], red pepper (Capsicum anuum L.) [114-119], and rice (Oryza variety) [120-
126]. 
 
Moreover, a substantial number of dairy plant products has been object of SFE technology, such 
as, among others, apricot (Prunus armeniaca  L.) [127-131], carrot (Daucus carota L.) [132-135], 
cashew (Anacardium occidentale L.) [36, 136-138], cocoa (Theobroma cacao) [139-141], garlic 
(Allium sativum) [142-145], ginger (Zingiber officinale) [146-150], ginseng (Panax ginseng) [151-
154], laurel (Laurus nobilis L.) [39, 155-158], orange (Citrus sinensis L.) [159-163], oregano 
(Origanum virens L.) [164-168], pumpkin (Cucurbita spp.) [169-173], soybean [16-17, 174-177], 
turmeric (Curcuma longa) [35, 178-180], and wheat germ (Triticum spp.) [181-185]. 
 
Following a major trend of western pharmaceutical industry of integrating oriental folk 
medicine species that have been used for centuries in natural formulations for a myriad of health 
problems, extracts of a significant number of species used in those contexts have been prepared 
using SFE.  Although many species are still to be recognized for their health/nutrition benefits 
by health authorities such as World Health Organization, others have seen their bioactivity 
confirmed, such as on the cases of Acorus calamus [186], Andrographis paniculata [187], Azadirachta 
indica [188-191], Curcuma longa [35, 178-180, 192], Cyperus rotundus [27], Ocimum gratissimum 
[193-197], Panax ginseng [151-153], Taxus baccata [198]. Its application has been directed by the 
  
 









interest to isolate and quantify phytopharmaceuticals existing in those extracts so that further 
pharmacological studies can then be carried out in order to confirm the respective bioactivities. 
An elucidating perspective on this research path was recently published for the case of 
triterpenoid compounds, either with respect to their extraction with SC-CO2 [2], either in 
terms of the corresponding bioactivity studies that support their therapeutic potential [199]. 
 
Considering the representative number of works covered in this review, it is possible to depict 
some structural tendencies regarding the directions research has followed in this field, such as 
the characteristics of the biomass matrices that have been most studied. Accordingly, Figure 2.1 
presents a statistical distribution of the vegetables matrices types mostly found on SFE 
publications. It becomes clear that supercritical fluids have been mainly applied to the 
extraction of seeds and leaves. Together, they represent 45 % of the plant fractions of all the 
works considered, being seeds the biggest fraction (28 %), and leaves only 17 %. They are 
followed by fruits (10 %), roots (7 %), flowers (5 %), rhizomes (3 %) and bark (2 %). On the 
other hand, parts such as stems, branches, and woods seem not to justify individual studies of 
SFE, being instead included only in cases where matrices comprise mixtures of components, 
such as aerial parts, which account for 9 % of the researched matrices. In addition, processed 
vegetables like pomace or husks represent 5 % of the 544 SFE publications considered in this 
review within 2000 and 2013. 
 
In the following paragraphs, special emphasis is given to vegetal matrices that were studied 
within the scope of the PhD work, and which will appear repeatedly in the different chapters of 
the thesis: 
 
Figure 2.1 – Type of the biomass matrices used in SFE works along 2000-2013, for a total of 













Eucalypt (Eucalyptus globulus) bark – Pulp and paper industry is one of the major 
industries of the agro-forestry sector. In the production of paper, the first step is to extract 
cellulose fibers from raw wood [200]. On arrival to the mill, the wood is debarked and the bark 
is burned for power generation.  
 
Eucalyptus species are the most important fiber sources for pulp and paper production in 
southwestern Europe (Portugal and Spain) and south America (Brazil and Chile), where this 
sector has observed a fast growing during the last few years [201]. The total Eucalyptus planted 
area in Brazil, Chile, Portugal and Spain is around 5.7 million ha [202] and it was estimated that 
in 2010 they were producing together around 14.7 million ton of Eucalyptus spp. pulp, 
representing 81 % of the total Eucalyptus spp. wood pulp produced worldwide [203].  In the 
Portuguese context, Eucalyptus globulus is the dominant species in terms of pulp and paper 
production, and the third  in terms of forest area, (about 672.000 ha, see Figure 2.2), 
representing nearly 31 % of the E. globulus area planted worldwide [204].  
 
In a medium size pulp mill using E. globulus wood as feedstock and  producing 5×105 tons of 
bleached pulp per year, about 1×105 tons of bark are produced [205] indicating that there is a 
possibility for upgrading this side stream if high value compounds are present in the bark (see 
Figure 2.2).  
 
 
Figure 2.2 – E. globulus plantation (credit:[206]) and its bark (credit:[207]). 
 
 
Spent coffee (Coffea spp.) grounds – Coffee, whose plant is depicted in Figure 2.3, is one 
of the most consumed beverages in the world and gives rise to around 6 million tons of spent 
coffee grounds (SCG) every year [208-209]. The large variability of SCG composition in terms 
of carbohydrates, proteins and phenolic compounds makes this residue a potential raw material 
for industrial processes [210-211]. Some years ago, SCG used to find application as animal feed 
or farming fertilizers, but recent studies showed its potential as a source of green energy like 
biofuel, and oil or isolated molecules for the pharmaceutical, cosmetic and food industries [98, 
212-214]. In fact, SCG contain several human health related compounds, such as phenolics and 
  
 









diterpenes, which have demonstrated bioactivities at antioxidant, anti-bacterial, antiviral, anti-
inflammatory and anti-carcinogenic levels [215-217].  
 
According to data from 2011, coffee market in Portugal involves an annual consumption of   
around 50 kton [218]. Considering what it represents for final consumer drinking habits, this 
value implies a large volume of waste being generated by food industry in consequence of 
processing this raw material. For instance, when considering soluble coffee, 2 to 4.5 tons of 
spent coffee grounds (SCG, see Figure 2.3) are generated per ton of soluble coffee 
produced [91, 208], with a moisture content around 80 % [91].  
 
Whether in domestic or industrial contexts, SCG are a waste material that typically undergoes 
incineration and landfill disposal despite its toxicity due to caffeine, tannins 
and polyphenols content. In view of minimizing the environmental impact of this residue and to 
increase its market profitability, researchers have been studying SCG features and identifying 
potential applications [208, 219-221].  
 
 
Figure 2.3 – Coffee plantation (credit:[222]) and spent coffee grounds (credit:[223]). 
 
 
Turkish oak (Quercus cerris) cork – Cork is one of the plant tissues forming the barks of 
some trees species (see Figure 2.4).  A great popularity of this natural material is already 
credited to the cork oak (Quercus suber L), whose transformation is responsible for a myriad a 
products such as cork stoppers, insulation, surfacing and paneling materials, engine joints, 
etc [224]. Nevertheless, the Turkey oak (Quercus cerris), illustrated in Figure 2.4, is also a 
potential important provider of cork that can be found in regions such as Eastern Europe and 
Minor Asia [225]. Since in countries like Turkey the bark of Q. cerris is not used except for fuel, 
the extraction of chemicals from this forest residue may offer opportunities towards its 
integrated utilization under the biorefinery concept.  
 
The cork industry generates a large amount of powder and related by-products every year [226-
227]. Additionally, certain trees like Quercus cerris, Betula pendula, Quercus variabilis, etc, contain 
  
 









cork portions in their barks that are not industrially used [225, 228-229]. Cork contains 
approximately 2 % of triterpenoids, such as friedelin, betulin and β-sitosterol [230-231]. 
 
  
Figure 2.4 – Turkish oak forest (credit:[232]) and cork (credit:[233]). 
 
 
Tomato (Solanum lycopersicum L.) wastes – In light of the research trend 
on the valorization of vegetable biomass through supercritical fluid extraction (SFE) technology, 
tomatois among the most representative raw materials that have been investigated with that pur
pose [64-73, 234]. The pertinence of studying tomato is supported by the large volumes 
of industrial residues (exemplified in Figure 2.5) that are produced every year as a result 
of the vast application of this species in food industry (also depited in Figure 2.5), for products 
such as ketchup, sauces, etc. In fact, it is referred that tomato industrial wastes can represent up 
to 40 % of the initial raw material amounts processed [72].  
 
According to data from 2011 [235], Portugal is the third greater producer of tomato in the 
European Union, with an annual production of 1.06 million tons, about half of Spain 
production, and nealy 1/5 of Italy’s. In the world context, Portugal falls to the 5th position in 
the rank, standing behind Turkey and Iran. 
 
  













Water hyacinth (Eichhornia crassipes) biomass – As an aquatic species original from the 
Amazon basin [238-239], it has been purposely introduced in other regions of the world where 
it spread uncontrollably (see a typical stand in Figure 2.6). As one of the most productive plants 
on earth, the annual biomass production of E. crassipes can be up to 140 tons of dry matter per 
hectare [240]. Such performance has led to the formation of vast monotypic stands in lakes, 
rivers and rice paddy fields, which raise problems at water quality level as well as the depletion 
of biological diversity [239, 241]. 
 
  
Figure 2.6 – Water hyacinth stand (credit:[242]) and its stalks and leaves (credit:[243]). 
 
 
Gac (Momordica cochinchinensis Spreng) fruit – Is a traditional fruit from south Asia, 
mainly from Vietnam. Its aril (depicted in Figure 2.7) not only exhibits an interesting amount of 
oil (up to 44.4 wt.% [244]), but also a remarkable abundance of carotenoids like lycopene and 
β-carotene [245]. The latter are present in amounts five times greater than in tomatoes, and ten 
times greater than in carrots, respectively [246]. Due to the bioactive features of carotenoids, 
such as anti-carcinogenic, and antioxidant effects [245], the enhancement of their presence in 
the gac oil has triggered a remarkable interest in the scientific community. So far gac oil is 
usually obtained either by mechanical pressing or solid-liquid extraction using organic solvents, 
but the SFE has been recently tested and provided auspicious results for both a productive and 
green extraction process [244].  
 
  
Figure 2.7 – Gac plantation (credit:[247]), and gac fruit aril (credit:[248]). 
  
 









Moringa (Moringa oleifera L.) seed – Moringa oleifera is a plant native from northwestern 
India butcommonly found in many tropical areas (see Figure 2.8). Due to the high nutritive 
value, various parts of this plant are used as edible items, including animal fodder, in many 
locations [249-250]. Moringa is also exploitedas a source of wood for lumber industry. Also due 
to its composition, M. oleifera is also applied in medicinal and pharmacologicalproducts [251]. In 
this context, moringa seeds can be seen as a side product prone to bevalorized in an integrated 
biorefinery, without disturbing the mainindustrial stream. 
 
 
Figure 2.8 – Moringa plantation (credit:[252]), and Moringa seed (credit: [253]). 
 
 
2.2 EXTRACTIVES USING SC-CO2 
 
In view of the vast diversity of molecules found in natural matrices, vegetables are typically 
matter of research for more than one application. Depending on the species and plant 
component studied, SFE processes can be devoted to many naturally occurring compounds. 
Furthermore, SFE extracts obtained from vegetable matrices are typically mixtures of the 
following family of compounds: triglycerides, fatty acids, fatty alcohols, terpenoids, 
phytosterols, tocopherols, tocotrienols, and phenolics. Examples from each family are 
presented in Figure 2.9. 
 
Triglycerides constitute the lion share of edible oils extracts. They are neutral lipids with a 
triesters structure of glycerol and fatty acids. Besides their important application for cooking 
purposes, it is known that their abundance in extracts lead to high quality biodiesel. 
Notwithstanding some examples of biodiesel production research from SFE extracts, namely 
from cardoon (Cynara cardunculus L.) [254]and Jatropha curcas L. [255], the number of 
publications covering this application was found to be very low. 
 
The classification of triacylglycerides is usually achieved attending to the respective esterified 
fatty acids, but the free fatty acids are also a specific family of compounds that occur 
independently in SFE extracts. Moreover, in some cases, free fatty acids have been studied as 
  
 









target compounds for extraction, such as in SFE of borage (Borage officinalis L.)  [256], primrose 
(Oenothera biennis L.) [256], chinese star anise (Illicium verum) [257], palm (Elaes guineensis) [258], 
pine (Pinus sylvestris L.) [259], pupunha (Guilielma speciosa) [260] and soybean (Glycine variety) 
[17]. These compounds are keystones for soaps, oleochemical esters, oils and lubricants [261] 
and in some cases their concentration may be helpful to control the quality of oils [257]. Since 
fatty acids oxidation can lead to aldehydes formation, and consequently odor problems, they can 
have a negative impact on products [259]. Therefore, depending on the studied case, fatty acids 
removal can be advantageous. 
 
Regarding fatty alcohols it is known that they play an important industrial role as oleochemical 
solvents, plasticizers, and as surfactants in detergent formulations [261]. However due to the 
easiness they can be produced from fatty acids and from ethylene or other olefins, specific SFE 
approaches aiming at the extraction of these molecules tend not to be explored. These 
compounds are frequently found in leaves and seeds, and most frequently are waxy at room 
temperature [262]. For this reason extracts containing fatty alcohols may exhibit oil turbidity, a 
visual effect that can be considered inconvenient depending on the final application of the 
extract. No work specifically addressing SFE of fatty alcohols as target molecules is reported in 
Table S1. 
 
A wide range of naturally occurring chemicals found in vegetable matrices belong to the 
terpenoids group, secondary metabolites whose role in plants is related to protection, 
pollination and growth mechanisms [263]. Terpenoids comprise chemical entities that have one 
or more isoprene units (IU) linked together and repositioned through cyclization, 
functionalization and arrangement. The extraction of these compounds has been one of the 
dominant objectives driving SFE research. Due to their diversity, it is common to classify these 
molecules according to the number IU, giving rise to different subgroups:  
- monoterpenoids,  with two IU, such as geraniol [264-265]  or citronellol [266]; 
- sesquiterpenoids, three IU, like artemisin [267] or parthenolide [268]; 
- diterpenoids, with four IU, like cafestol [92, 99] and kahweol [92, 99]; 
- triterpernoids, with six IU, such as ursolic acid [84-86, 89] or squalene [17-18, 269-
271]; 
- tetraterpenoids, with eight IU, like -carotene [69-70, 127, 130-131, 133, 172, 
258, 260, 272] or lycopene [64-67, 69-73, 273-275]. 
When considered from an end-user point of view, terpenoids affect the organoleptic perception 
of natural products, as they can have fragrant and colorant features. For instance, 
tetraterpenoids are typically responsible for the colors that many fruits and vegetables exhibit 
within red, brown and yellow tones. Nevertheless it is at flavor and fragrance levels that these 
compounds are more frequently investigated in view of food and cosmetic applications. For 
instance, terpenoids such as limonene, camphor, geraniol, 2-acetyl-1-pyrroline or labdanum are 















Figure 2.9 – Main families of compounds found in SFE vegetable extracts and examples from 
each one. 
 
On the other hand, advantages may be taken from the protection functions played by these 
compounds when applied to human health. Several terpenoids have seen their bioactivity 
proved for many functions. For instance, triterpenic acids like ursolic, oleanolic, betulinic and 
betulonic acids exhibit a wide range of biological activities being recognized as promising 
compounds for the development of new multi-targeting bioactive agents [286-289].  
 
Within the group of triterpenoids, phytosterols are a particular class of compounds that assume 
a special importance for human health purpose in view of reducing cholesterol intestinal 
absorption. The most representative phytosterols occurring in vegetable species are β-
sitosterol, campesterol and stigmasterol, and many SFE publications have targeted them. These 
compounds have been found in extracts of amaranth (Amaranthus spp.) [290], corn (Zea mays) 
[291], eucalypt (Eucalyptus globulus) [83-86, 89], grape (Vitis vinifera L.) [45], jinxianlian 
(Anoectochilus roxburghii) [292], Kalahari melon (Citrullus lanatus) [293], mulberry (Morus alba) 
  
 









[294], orange (Citrus sinensis) [162], pumpkin (Curcurbita spp.) [170], sea buckthorn (Hippophae 
rhamnoides L.) [295-296], soybean (Glycine spp.) [17], and sunflower (Helianthus annuus L.) [15]. 
 
Tocopherols and tocotrienols are specific families of compounds also found in many plant 
extracts. One of the most important molecules of this group is vitamin E ( tocopherol), a 
powerful antioxidant whose deficient concentration in human organisms lead to chronic diseases 
[297]. The structural differences between the -pherol and -trienol derivatives are in the aliphatic 
side chains. While tocotrienols occurrence is restricted to fewer species, tocopherols are 
produced by all photosynthetic vegetables as part of their antioxidative system to cope with 
environmental stresses such as intense light, UV radiation and low temperatures [228]. The 
presence of these compounds in SFE articles has been reported in works with olive (Olea 
europaea L.) [19, 25], sea buckthorn (Hippophae rhamnoides L.)  [272], soybean (Glycine spp.) 
[16-17], sunflower (Helianthus annuus L.) [15], and wheat (Triticum spp.) [181-183]. 
 
Phenolic compounds embody a vast group of molecules related to plants growth, development 
and defense. These compounds commonly exhibit an active organolepsy due to their 
contribution to color and taste of vegetable products. From a structural point of view, phenolics 
comprise an aromatic ring with one of more hydroxyl substituents, being the number and 
arrangement of the hydroxyl groups attached to the ring criteria of classification. Besides the 
most simpler phenolic structures (e.g. catechol, benzoic acid or gallic acid), high-molecular 
weight insoluble molecules are formed between phenolics and compounds of different nature, 
such as carbohydrates, proteins [298]. Depending on the vegetable species, extracts obtained by 
SFE can comprise substances from several phenolic groups like coumarins [299-300], cinnamic 
acids [300], quinones [77, 301-303], flavonoids [304-308], and lignans [104, 300].  
 
In what concerns the extractives of the vegetal species studied during the PhD work, specific 
details are provided in the next paragraphs: 
 
Triterpenic acids in Eucalypt bark – Freire et al [309] and Domingues et al [205] studied 
the composition of Eucalyptus globulus bark, the most used for papermaking in Portugal. Among 
the many compounds quantified by gas chromatography-mass spectrometry (GC-
MS), several high-value triterpenic acids such as betulinic, betulonic, oleanolic and ursolic acids 
as well as the acetylated forms of the latter two were identified. These triterpenic 
acids (depicted in Table S1) are powerful antioxidants and have anti-inflammatory and anti-
cancer activities [10-13], making them considerably valuable and their extraction from the low-
value bark worthwhile in terms of the scale of the papermaking process. Some triterpenic acids 
have also been reported in extracts from different raw materials, 














The same researchers [205, 309] reported also that the highest concentrations of extractives 
were found in the external part of E. globulus bark with about nine times the yield of the inner 
bark, despite the fraction of outer bark  (1-3 mm) being much smaller than the inner bark (~10 
mm). Also, triterpenoids are the major constituents of the outer bark extractives obtained by 
Soxhlet dichloromethane extraction, making this part of the bark more interesting for an 
industrial valorization of this low-value stream from papermaking process.  
 
The solid-liquid extraction of such triterpenic acids from Eucalyptus bark using conventional 
solvents can be scaled-up to accommodate the high throughput necessary for the industrial 
process. However, this route, by itself, is not very selective for the compounds of interest. 
Moreover, increasing consumer awareness of the use of hazardous solvents by the chemical 
industry constitutes a driving force for the research of more environmentally friendly 
alternatives.  
 
Diterpenes in spent coffee grounds – Almost all coffee production originates from the 
exploration of two species, Coffea arabica and Coffea robusta, yielding between 7 and 17 wt. % of 
oil [98, 214, 315]. The average lipid content of green C. arabica is higher than C. robusta, 15 
% vs. 10 %, respectively [316]. In roasted coffee, oil is composed of fatty acids esterified with 
glycerol (triacylglycerols, around 78 wt.%) and diterpenes (around 15 wt.%), and only a small 
fraction is in sterol esters form [316-317].  
 
Diterpenes belong to a group of compounds with important physiological activities, 
which also present beneficial effects to human health. Even though they are related with the 
increase of serum cholesterol, they manage to enhance glutathione S-transferase activity and to 
protect against benzo[a]pyrene and aflatoxin B1 – induced genotoxicity [318-320]. The main 
diterpenes found in SCG are cafestol, kahweol and 16-O-methylcafestol (see Table 2.1), which 
are mainly sterified by fatty acids such as palmitic (C16:0), stearic (C18:0), oleic 
(C18:1), linoleic (C18:2), α-linolenic (C18:3) and arachidic (C20:0) [321]. The total amount of 
these compounds in SCG depends on coffee species and on the brewing method [321-322]. For 
instance, in filtered coffee the kahweol levels range between 0.06 mg Loil
−1 to 2.66 mg Loil
−1, 
while cafestol levels are between 0.26 mg Loil
−1 and 5.30 mg Loil
−1. When dealing 
with espresso coffee, these levels are 1.2–8 and 4–16 mg Loil
−1, respectively [323]. Kurzrock et 
al [316] reported different levels on espresso coffee samples – 26 mg Loil
−1  for cafestol and 
10 mg Loil
−1  for kahweol – when prepared from C. arabica species. Concerning  SCG it has 
been reported that samples can lead to very distinct extraction yields and also to distinct extract 
















Table 2.1 – Target extractives of the thesis and respective biological features. 
Extractive 
Family 
Target Compound Biological Features: 
Triterpenic 
acids 
Betulinic Acid (C30H48O3) 
 
• anti-HIV[324] 
• anti-malarial [325-326] 
• anti-inflammatory [327-328] 
• anti-tumor [329-330] 
• anti-leishmanial [331] 
• anti-leukemia [289] 
Betulonic Acid (C30H46O3) 
 
• anti-leishmanial [331] 
• anti-inflammatory [289] 
• anti-melanoma [289] 
• anti-viral [289] 
Ursolic Acid (C30H48O3) 
 
• anti-inflammatory [332] 
• anti-hyperlipidemic [332] 
• hepatoprotective [332] 
Oleanolic Acid (C30H48O3) 
 
• anti-inflammatory [332] 
• anti-hyperlipidemic [332] 
• hepatoprotective [332] 
Triterpenoid Friedelin (C30H50O) 
 
• analgesic [333] 
• anti-tumor [334] 
• anti-inflammatory [333],  
• anti-pyretic [333]  
Tetraterpenoids Lycopene (C40H56)
 
• natural pigment 
• anti-inflammatory [335] 
• anti-atherogenic [335] 
Diterpenes Cafestol (C20H28O3) 
 
• anti-angiogenic[336] 
• anti-tumor [337] 
• anti-carcinogenic [217, 338] 
• analgesic [339] 
• anti-diabetes [340] 
Kawheol (C20H26O3) • anti-carcinogenic [217, 338] 
• analgesic [339] 
  
 














• anti-carcinogenic [217, 338] 
Sterols Stigmasterol (C21H30O3) 
 
• synthesis precursor of 
hormones like progesterone, 




Friedelin in Turkish oak cork – Cork contains approximately 2 % of triterpenoids, such as 
friedelin, betulin and β-sitosterol [230-231]. Many triterpenoids have been reported to possess 
biological activities [199]. In particular, friedelin (3-friedelanone, C30H50O) is a pentacyclic 
triterpene ketone first isolated from cork in the late 1700’s by Chevreul [342], and it is the 
major component of dichloromethane and supercritical CO2 extracts of cork [230-231, 342]. 
 
When working with Q. suber cork, Castola et al. [231] did not find significant differences in 
friedelin concentration between SFE and dichloromethane extracts. In their case, they ranged 
nearly around 20.4 wt.% (SFE) and 21.0 wt.% (Soxhlet extraction), i.e. the concentration ratio 
was ca. 0.97. This fact presents an advantage of the SFE of Q. cerris that may be exploited with 
interest for commercial application after careful optimization and economic evaluation of the 
process. As far as we know no sound commercial application has yet been established for 
friedelin, despite the evidences of its effective performance as anti-tumor [334], anti-
inflammatory  [333], analgesic [333], and antipyretic [333] agent. Furthermore, a method 
comprising conventional solid–liquid extraction followed by purification of friedelin has been 
patented for extracts from cork and cork-derived materials by Corticeira Amorim (a Portuguese 
cork industry company) [343], which is a signal of the commercial interest around 
thiscompound. 
 
Lycopene in tomato wastes and gac fruit – The SFE work on tomato wastes has been 
driven by the interest and opportunity to exploit these residues as a source of lycopene, which 
is a carotenoid with remarkable red color that can be applied as a food additive. In addition 
lycopene exhibits antioxidant features and some studies suggest this molecule is linked to anti-
carcinogenic and anti-atherogenic effects [335]. As a result, lycopene is a compound 
that currently raises interest to food, cosmetic and pharmaceutical industries.  
  
 










From a technical point of view, a challenging aspect of the lycopene extraction through 
conventional methods relies on solubility problems: it is insoluble in water, but has large affinity 
to organic solvents such as chloroform and dichloromethane. These solvents not 
only motivate relevant concerns at toxicity and harmfulness levels, but their separation from the 
extracts can also be rather demanding [344].  
In this context, tests using SFE technology have succeeded to circumvent the referred 
technical hurdles, particularly through the employment of carbon dioxide 
as supercritical solvent [67, 71, 73, 234]. 
 
Sterols in water hyacinth and moringa – The water content present in water hyacinth can 
attain values as high as 95 % of its weight. Moreover, organic matter comprises only 3.5 % of 
the raw weight, being able to reach a fraction higher than 75 % when in a dry basis [345].  
The lipophilic and polar extractives of E. crassipes morphological parts (flower, leaves, stalks and 
roots) were only addressed recently, through the work of Silva et al. [346], who 
analyzed features such as extraction yields, chemical composition of extracts, and also 
antioxidant activity and total phenolics. In that study it was shown that, depending on the 
morphological part, sterols represented 19-23 wt.% of the extracts. Moreover, the major 
contribution was given by stigmasterol, whose individual concentrations reached up to 15 
wt.% in the extracts of stalks and leaves, and 4437 mg kgbiomass
−1  ([346].  However, other sterols 
such as β-sitosterol and campesterol (methylcholesterol) [346-347] may be cited. 
 
As a result, a potential valorization strategy for water hyacinth may encompass its exploitation 
as a source of sterols (particularly stigmasterol), which are highly sought in view of their 
medicinal properties [348]. Stigmasterol is employed in several chemical processes designed to 
yield numerous synthetic and semi-synthetic compounds for pharmaceutical industry [349]. It 
acts as a precursor in the manufacture of synthetic progesterone, vitamin D3, as well as an 
intermediary in the biosynthesis of androgens, estrogens, and corticoids. Research has indicated 
that stigmasterol may be useful in the prevention of certain cancers (ovarian, prostate, breast, 
and colon cancers), cholesterol biosynthesis inhibition and offers a potential anti-
osteoarthritic effect [350-351]. 
 
As for the moringa seed, the plant seed contains up to 40 % of the so-called ben oil, whose 
composition comprises high contents of oleic, behenic  palmitic and stearic acids [352]. Due to 
the vast properties of this oil, it has a wide range potential applications: it can be used inthe 
cosmetic industry as an emulsifier, lubricant in the mechanicalindustry and even for medicinal 
purposes in the pharmaceutical business [251]. Moreover, ben oil can also be used as edible oil, 














2.3 SFE TECHNOLOGY 
2.3.1 CO2 AS A SUPERCRITICAL SOLVENT 
 
A supercritical fluid (SFC) is a substance or mixture above its critical pressure and temperature. 
For a pragmatic appraisal of their interest, it is worth mentioning the typical orders of 
magnitude of some physicochemical properties of SCFs, particularly: density, that can be as low 
as 0.1 g cm−3 and reach liquid-like values of 0.85-0.95 g cm−3; viscosity, which is close to 
values of the respective gas state; and diffusivities, which may be up to two orders of magnitude 
greater than those of liquids [1, 354]. Furthermore, the solvent power of SCF can be tuned by 
small changes in the operational conditions (pressure and/or temperature), depending on the 
application and technical goal. 
 
Bringing a fluid to supercritical conditions normally requires considerable heating and 
compression efforts. This is one of the constraints for a number of substances prone to be 
exploited as supercritical solvents in industrial processes, and responsible for the price of the 
industrial equipment and operational costs. Solvents usually considered for SFE applications 
include, among others, ethane, propane, ammonia, water, and carbon dioxide. However, CO2 
is generally preferred for research and industrial applications due to the milder 𝑃 − 𝑇 conditions 
required to attain the supercritical region (𝑇c = 31.1 ºC and 𝑃c = 73.8  bar). In addition, it does 
not require explosion-proof apparatus (as those necessary to operate with supercritical propane 
and ethane), it is non-corrosive (in contrast to supercritical water), non-toxic and chemically 
inert [354]. Moreover, CO2 has a practically null surface tension, which is advantageous to wet 
and penetrate easily most of the solid materials [84]. 
 
 
2.3.2 EXTRACTION PROCESS 
 
A typical layout of an industrial SFE plant is depicted in Figure 2.10. It includes an extractor 
operating in a closed loop recycling system for carbon dioxide and a modifier. Semi-continuous 
operation has been reported to be simpler and almost as productive as continuous operation of 
SFE processes, thus being the preferable mode to operate [4]. In contrast, lab scale installations 
for research rarely contemplate CO2 reutilization. 
 
In a system like the one illustrated in Figure 2.10, pressurized carbon dioxide is kept in the 
liquid state in a storage tank (right side of the scheme). To initiate the process, liquid CO2 is 
pumped, heated, mixed with cosolvent in the desired proportions, and fed to the extractor 
(already filled with the biomass). Then, a semi-continuous operation starts as supercritical 
solvent flows through the extractor bed, leaves the extractor with the dissolved solutes, and is 
depressurized by a backpressure regulator (BPR) valve. The solvent power of the resulting 
mixture is very low, consequently the extracts precipitate (in a collection vessel) with the 
  
 









cosolvent, and the gaseous CO2 can be recycled to a condenser and promptly reused or saved in 
a liquid CO2 storage tank. Depending on the specificities of the process, the final expansion may 
be performed in a cascade mode allowing a fractional recovery of the extract in multiple 
collection vessels submitted to a stepwise pressure profile. An alternative to the layout of Figure 
2.10 is depicted in Figure 2.11. Here the arrangement comprises three extractors in series for 
trim bed operation, where one extractor is brought offline periodically in order to substitute 
the exhausted biomass by fresh material. 
The tendency to adopt green solvents is linked to the broader goal of sustainability in chemical 
processes. SFE can fulfill this objective by a thorough rethinking of the separation processes 
towards smaller, cleaner and more energy-efficient solutions, via process intensification as 
proposed by Stankiewicz and Moulijn [355]. 
 
SFE is typically compared to conventional SLE with organic solvents, which still stands as 
reference for industrial extraction processes. In this context, an apparent drawback of SFE is 
related to operation at high-pressure, which demands more expensive apparatus than for SLE 
(where operation is at atmospheric pressure or near). However, such appraisal is inadequate 




Figure 2.10 – Typical industrial layout of an industrial SFE process comprising a SCF and a 
cosolvent. Adapted from ref.[356]. 
 
In a broader perspective, SLE always demands subsequent separation units to recover the 
solvent, whereas a simple decompression is sufficient with supercritical fluids. If carefully 
inspected a SLE encompasses frequently a set of operations to: (1) obtain the extract from the 
solid matrix using an organic solvent; (2) separate the solvent from the extract and raffinate 
  
 









streams, which is usually accomplished by distillation or evaporation/crystallization; and (3) 
avoid moisture accumulation in the recycled solvent (e.g. methanol, ethanol), since water may 
penalize solutes solubility. 
 
The third step usually comprises a rectification unit and it may be mandatory to ensure the 
efficiency of step (1). Remarkably, in SFE steps (2) and (3) are not required for continuous 
recycling of the solvent, at least when a cosolvent is not present. Moreover, the operation of 
SFE units with pure SC-CO2 does not tie the process to ATEX (equipment for potentially 
explosive atmospheres; from French: Appareils destinés à être utilisés en ATmosphères EXplosibles) 
directive requirements. Certification regarding explosive industrial atmosphere evidences how 
SFE can be a lower risk process than SLE, despite the high-pressure conditions involved in the 
former. In the whole, these remarks highlight how the option towards SFE should not be 
trapped in simplistic comparisons to conventional SLE. Leaving the above mentioned aspects 
out of consideration disturbs the fair appraisal of the advantages of SFE technology. 
 
An enlightening example of SFE for intensification and integration of industrial processes can be 
found in the pulp and paper integrated biorefinery illustrated in Figure 2.12. Here, a SFE unit is 
introduced to remove bioactive extracts from byproducts (bark) produced in the pulp mill, 
without substantial loss of their calorific value [357]. Therefore, exhausted bark can be burned 
in the biomass boiler for energy recovery maximizing available resources. This SFE process has 
been studied in detail [83, 85, 205, 358-359]  to produce extracts enriched in bioactive 
components from the bark and leaves of Eucalyptus globulus, the dominant species of the 
Portuguese pulp and paper industry.  
 
Figure 2.11 - Industrial layout of a SFE process comprising three extractors in series prepared 
for trim bed operation. 
  
 









A similar approach has been reported by Albarelli et al. [360] for SFE of Annato seeds (source of 
bixin, a valuable natural colorant) within a sugarcane integrated biorefinery. Interestingly, in 
the sugarcane refinery a CO2 stream is formed by enzymatic hydrolysis for second generation 
ethanol production. Hence, in this case, the supercritical solvent (and eventually ethanol as 
cosolvent) rather than the vegetal raw material is taken from the parent process. The synergies 
related to the consumption and production of utilities can be assumed to follow the same 
rational explained for the pulp mill integrated biorefinery (Figure 2.11), i.e. taking advantage of 
the calorific value of the residual biomass in a downstream biomass boiler. 
 
Figure 2.12 – Biorefinery concept for pulp mill with an integrated SFE unit. 
 
 
2.3.3 OPERATING CONDITIONS 
 
Pressure & Temperature - SFE is traditionally defined as a high pressure (𝑃) technology and 
this variable is in fact of supreme importance for many technical and economic aspects of this 
process. The most direct property prone to be affected by pressure variations is density (ρ), 
which can be used to perceive how close SC-CO2 reaches a liquid-like solvent power. When 
studying the influence of density on SFE behavior (intimately related to solvent power), 
pressure is a much preferable variable to tune its values as it offers considerably wider 
manipulation margins than temperature. In fact, while pressure usually ranges up to 8 or 10 
times the usual minimum values investigated in experiments (c.a. 100 bar), temperature is 
many times restricted to a narrower window, i.e. up to 3 times the common low 40 ºC.  
 
Figure 2.13 presents a distribution of SFE operating conditions mostly found in literature (543 
publications). For each work, the maximum and minimum densities studied were plotted in 
coordinates, being possible to observe that essays typically focus on pressures from 100 
to 400 bar. Within this interval, and taking into account the temperature window considered, 
densities can range from 200 to 900 kg m-3, as revealed by the density lines superimposed in 
Figure 2.13. The interdependence between pressure and density can be fully disclosed in this 













densities can oscillate up to 70 % from 40 ºC to 100 ºC, while at higher pressures (e.g. 400 bar) 
the corresponding oscillation only reaches a maximum of 20 %. 
 
It is noticeable in Figure 2.13 that most works concentrate in temperature values within 40 to 
60 ºC, yet this accumulation is greater around the lower value. This trend reveals that 
researchers have been eager to explore the pressure impact on results at lower temperatures, 
probably due to the higher degree of density variation on this region but also owing to concerns 
regarding thermal degradation of extractable labile compounds, equipment limitations and costs 
policy. 
 
The predilection to work at 40 ºC implies that the opportunity to assess the impact of 
temperature on SFE processes at higher pressures (e.g., higher than 300 bar) is being much less 
considered. Since density suffers a lower degree of variation at higher pressures and kinetic 
variables exhibit weaker dependences on pressure in comparison to temperature, the interesting 
opportunity to study the influence of temperature via vapor pressure (solubility) and transport 
properties is being discarded. In this respect, Figure 2.14 presents, without loss of generality, 
the 𝑃 − 𝑇 dependence of ursolic acid diffusivity (D12 ) and solubility (y*) in SC-CO2, and also of 
CO2 density. Along the displayed ranges one can depict that diffusivity becomes favorable when 
approaching 200 bar and 100 ºC while solubility exhibits a distinct trend, being its best pole 
around 500 bar and 100 ºC. In fact, y*, D12 and density exhibit their maxima at distinct 𝑃 − 𝑇 
values. Considering that density is many times used as general (though simplistic) criterion to 
choose operating conditions or to support the discussion of experimental results, the elucidating 
example from Figure 2.14 stresses that the optimum 𝑃 − 𝑇 conditions of a SFE process are 
those that best suit the trade-off between kinetics and equilibrium behaviors. In addition, results 
also show (see Figure 2.13) that researchers exhibit a preference to approach density variations 
through pressure manipulation rather than temperature. 
 
Another fundamental variable is the selectivity of SC-CO2 to distinct target molecules, which 
combines all previous dependences in a very competitive way. Taking into account that 
temperature influences similarly the vapor pressure of all extractable compounds, their distinct 
solubilization in the supercritical solvent becomes a matter of both temperature and pressure. 
Moreover, as the intermolecular interactions are the key factor of the separation, the role 
played by cosolvents is of great importance (topic discussed below). 
 
Finally, the so-called tunable properties of supercritical solvents that contribute to the 
attractiveness of this technology, comprise, among other possibilities, the chance to play with 
temperature at near constant density regions (high pressure), but our compilation of works 























Figure 2.13 – Most common operating conditions for the SC-CO2 extraction of vegetable 
matrices, for a total of 543 publications (Table S1). Darker clouds represent regions of higher 
CO2 densities in each work, and lighter circles delimit the regions of lower CO2 densities. 














Figure 2.14 – Influence of pressure and temperature upon (A) ursolic acid diffusivity in CO2, 
(B) ursolid acid solubility in CO2, and (C) SC-CO2 density. Data calculated from Wilke-Chang 
[361], Peng-Robinson [362], and Pitzer and Schreiber [363] equations. 
 
 
Flow Rate - While  and  affect the thermodynamic (density and solutes solubility) and 
transport properties (viscosity and diffusivity), solvent velocity is an independent variable that 
influences directly the axial dispersion, the convective mass transfer coefficient, and the 
accumulation in the bulk under semi-continuous operation (i.e. supercritical phase). Therefore, 
it may be rationally incremented to enhance the extraction rate upon the reduction of the film 
resistance to mass transfer and bulk concentration. As the external film diffusion (here 
measured in terms of the convective coefficient, ) and the global driving force are increased, 
a positive effect on extraction yield is achieved. 
 
When analyzing SFE results from the perspective of flow rate, the chief variable is the surface 
velocity or, equivalently, the interstitial velocity through the bed. A systematization of SFE 
works in terms of interstitial velocities is not feasible in this review due to lack of information 














CO2 flow rate per mass of bed reported in the compilation of Table S1. Considering that the 
final goal of scientific research on SFE is its commercial implementation, it would be positive if 
upcoming works on the field could provide more information regarding extractors and beds. In 
this sense, both academic and industry readers would benefit from richer data regarding bed 
length (Lb), bed diameter (Db), bed porosity (εb) and particle size (𝑑p). This would allow a 
better disclosure and assessment of the hydrodynamics impact on experimental results. In 
addition, these data are also very useful to interpret scale-up experiments and approach 
industrial reality. 
 
Figure 2.15 presents an analysis of 231 SFE works, where individual flow rates were combined 
with extraction time and graphed in kgCO2 kg-1raw material units in abscissa. This study points out 
that 40 % of the works comprised a CO2 usage ranging from 0 to 40 kgCO2 kg-1sample, and that the 
other 40 % are between 40 and 140 kgCO2 kg-1sample. Even though this information cannot be 
taken as a correct measurement of the extraction efficiency, it at least provides worthwhile hints 
of typical energy and utilities costs from pumps, heating and cooling steps that SFE processes 
always imply.  
 
Figure 2.15 – Maximum amounts of SC-CO2 used in the SFE of vegetables matrices for a total 
of 231 publications considered. 
 
Some of the data of Figure 2.15 were taken from works where extraction curves were 
measured, leading to yields and concentration profiles along time or spent CO2. Extraction 
curves are vital for the correct assessment of kinetic aspects as they allow the visualization of 
distinct extraction regimes (characterized by distinct extraction rates) and the inspection of the 
mechanisms that govern the separation in different moments.  
 
If a low interstitial velocity (low flow rate) is chosen, the film resistance and/or the 
accumulation in the bulk may prevail over intraparticular diffusion and solubility issues, thus 
  
 









diminishing the rate of extraction by itself. On the other hand, if the extractor is being run 
under very high interstitial velocity, the most representative sources of limitation may be 
therefore attributed to solubility and/or to intraparticle diffusion. Nonetheless, high velocities 
may also lead to a misuse of SC-CO2 that will then be spent in excess at the expenses of non-
optimized utility and energy costs. This aspect is important to increase the economic viability of 
a SFE unit.  
 
Figure 2.16 illustrates an optimization of flow rate by graphing cumulative curves of total 
extraction yield of E. globulus bark measured at 200 bar, 40 ºC, with 5 % (wt.) of ethanol, for 
different CO2 flow rates [84]: 6, 12 and 14 g min-1. When QCO2 is doubled from 6 to 12 g min-1 
a relevant enhancement of the extraction rate is observed. An additional increase to 14 g min-1 
shows no further significant yield enhancement. As a result, it was considered that 12 g min-1 is 
an optimized value for SFE flow rate since it originates an interstitial velocity that maximizes the 
rate of extraction while simultaneously minimizes utilities and energy costs. This is an 
elucidative example of a rational selection of a flow rate value. 
 
 
Figure 2.16 – Cumulative curves of total extraction yield of E. globukus bark at different CO2 
flow rates. Fixed conditions: 200 bar, 40 ºC, 5 wt.% ethanol. Data taken from [84]. 
 
 
Cosolvent - With regard to the use of modifiers, Figure 2.17 shows a statistic of the most 
employed cosolvents. The chief reason for adding a second solvent to the supercritical phase 
relies on the tunable affinity to polar solutes that modified SC-CO2 allows. This is the prime 
reason why 38 % of 441 publications reviewed in this work (that contain the necessary 














The application of cosolvents in SFE works has been unsurprisingly dominated by ethanol, 
which was selected in 53 % of the works involving entrainers (see Figure 2.17). Ethanol is an 
innocuous solvent both at human health and environmental levels (like SC-CO2) and this is a 
strong advantage comparing to n-hexane or even methanol, particularly when SFE is devoted to 
applications in food, cosmetic or pharmaceutical industries. Besides the referred advantages, 
ethanol is substantially polar (1.69 D [361]) which means that the addition of small amounts 
may increase expressively the polarity of the supercritical solvent.   
 
In addition, methanol comes second with a share of 21 %, and is followed by water and 
dichloromethane, with 5 % and 3 % each, respectively. Despite being more polar than ethanol, 
methanol raises hazard concerns to human health, a fact that discourages an extended use of it. 
In fact it is being progressively abandoned nowadays. 
 
Figure 2.17 – Most employed cosolvents in SFE of vegetables matrices, based on 166 SFE 
publications of database. 
 
 
A noteworthy aspect of SFE works with modified CO2 is that they are implemented in two 
distinct ways: the more conventional procedure involves the mixing of the SC-CO2 with the 
cosolvent in a fixed proportion along time, which requires a pump and independent feed line 
for each fluid, while the alternative is through the impregnation of the matrix with the cosolvent 
at the onset of the experiment, followed by the extraction with pure SC-CO2. While the 
former approach is commonly characterized in terms of the modifier content in the supercritical 
mixture, the latter is usually described in term of the total quantity of cosolvent impregnated. 
To the best of our knowledge there are no works targeting a comparative study of the two 
techniques, reason why carefulness should be given when comparing works that employ distinct 
cosolvent addition procedures. Additionally, more accuracy is recommended when referring 
the concentration of cosolvent, particularly regarding whether mass, volume or molar basis is 
used to describe the addition percentages. 
  
 









With respect to the impact of cosolvents on results, the typical approach involves the 
comparison between the modified SC-CO2 and the pure SC-CO2 results. This provides 
experimental arguments to check if the inclusion of a cosolvent in the process is worthwhile 
from the point of view of yields or extract concentrations enhancement. A less explored 
approach is the comparison of the impact of different cosolvents on results. In this respect, 
Table 2.2 presents experimental measurements concerning SFE of caraway (Carum carvi L.) 
seeds using eight different CO2 modifiers under identical operating conditions [276]. The 
Hildebrand solubilities for each cosolvent (at 25 ºC) are also given in Table 2.2 to highlight their 
different polarity. One of the objectives of the authors was to assess if modified SC-CO2 could 
maximize the carvone concentration in caraway seed oil, which enhances the final quality of the 
product. The results from Table 2.2 reveal two important facts: modifiers failed to enhance 
carvone content in the oil as desired, but they did affect the extraction yields obtained. Despite 
the fact that the various supercritical mixtures provide higher extraction yields 𝜂 (wt. %) in 
comparison to pure SC-CO2, a negative correlation of 80 % was found between  𝜂 and . 
Being negative, it means that from an extraction yield perspective the option towards the most 
polar cosolvent (methanol) is the less preferable (it only enhances yield results by 21 %). Less 
polar cosolvents such as chloroform or toluene increase the extraction yield in greater extents, 
41 % and 33 %, respectively.  
 
Table 2.2 – SFE results of caraway (Carum carvi L.) seeds using eight different CO2 modifiers at 
400 bar and 80 ºC. Data taken from [276]. Correlation between extraction yield (𝜂) or carvone 
concentration  𝐶 in extracts and the Hildebrand solubility parameter (δ) of cosolvent. 
Modifier δcosolvent @ 25 ºC Extraction yield  Carvone conc. 
10 % (vol.) (MPa0.5) 𝜂 (wt.%)  C (wt.%) 
n-hexane 3.6 3.23 57.53 
Toluene 4.4 3.25 57.22 
Chloroform 4.5 3.44 58.11 
Acetone 4.6 3.3 57.89 
Dichloromethane 4.9 3.24 57.16 
Acetonitrile 5.8 2.91 57.11 
Ethanol 6.3 2.85 57.89 
Methanol 7.1 2.95 57.77 
Pure  CO2 3.5 2.43 57.97 
  
R2 (δ vs. 𝜂) = -80 % R2 (δ vs. C) = 18 % 
 
The very weak correlation (18 %) between the modifier Hildebrand parameter and carvone 
concentration is a straightforward indicator of null selectivity provided by the different co-
solvents in this case. However, one should bear in mind that the unexpected lack of selectivity 
observed in many systems may also be due to the extraction time, which in case of being too 













uptake of other compounds. In such situations extraction curves can provide richer information 
about cases of apparent lack of selectivity. 
 
Another noteworthy aspect from Table 2.2 emerges from the comparison between the results 
achieved with pure SC-CO2 (δ=3.5 MPa0.5) and its modification with n-hexane (δ=3.6 MPa0.5). 
Despite the close Hildebrand parameters values of the two molecules, results evidence that the 
modification leads to a global yield 1.33 times greater than when only CO2 is employed. This 
example clearly expresses how supercritical fluid-solid systems that involve modified SC-CO2 
(for which there is a lack of equilibrium data and properties) and natural matrices (which 
typically comprise a mixture of solutes) are challenging media to be studied. 
 
As far as water is concerned, the circumstances of working with this cosolvent are special given 
that most vegetable matrices typically exhibit natural moisture. This is the reason for the 
common preliminary drying stage before SFE takes place. However moisture content can only 
be typically reduced to a minimum level rather than completely removed from the matrix. 
 
In cases where water can be technically employed with success as cosolvent, the drying stage 
can then be softer and optimized, leading to energy and utility savings. Besides these savings, 
water is obviously an inexpensive cosolvent to include in a SC-CO2 process, being this a motive 
that fosters even more its potential inclusion in commercial SFE units. Nonetheless the 
economic advantages are only attractive if such SC-CO2 modification leads to an enhancement 
that justifies this option. There are examples in literature attesting an effective enhancement 
brought about by water addition. It is the case of SFE of andrographolide from Andrographis 
paniculata Nees leaves [187] (see Figure 2.18) whose results reveal that water is able to 
increment the concentration of the target compound in supercritical extracts in a comparable 
degree of ethanol. According to this investigation, 15 % of water (the percentage basis is not 
mentioned) increases the concentration of andrographolide in extract from 61.6 % to 84.3 %. 
In a different application, it has been demonstrated that water favors a selective removal of 
caffeine from green tea in relation to the use of ethanol [364]. In the same study, the selectivity 
of water as cosolvent for caffeine extraction (in relation to epigallocatechin gallate) was shown 















Figure 2.18 – Andrographolide concentration enhancement in SC-CO2 extracts of Andrographis 
paniculata Nees leaves upon addition of three different modifiers (water, ethanol and acetic acid) 














2.5 SUPPLEMENTARY MATERIAL 
 



















- Berries fruit phenolic 1.4-5.20 80-300 60 EtOH GC-MS Antioxidant 
activity 
[365] 
- Tea seed  7-30 300-400 60-80 10-20 LCO2kg-1 sample 
0-15 % EtOH 














Hibiscus seed  11.4 534 80 20 LCO2kg-1 sample FAME 
GC-FID 
Soxhlet extraction [368] 
Achyrocline satureioides Macela flower  87-96 200-300 30-35 4-16 kgCO2 kg-1 sample GC-MS Modeling [369] 
Acori graminei - rhizome β-asarone 2.5-3.0 80-140 35-55 960 LCO2kg-1 sample GC-MS Hydrodistillation [370] 
Agrimonia eupatoria 
Agrimonia procera 
- leaf  0-4.3 150-350 35-42 1 % EtOH HPLC  [371] 





Allium cepa L. Onion bulb sulphur 0.6-2.5 100-300 45-65 29-41 kgCO2 kg-1 
sample 







Allium cepa L. Onion bulb  0.005-0.025 103-287 309-50 200-800 LCO2kg-1 sample Gravimetric 
Analysis 
GC-MS 
Adsorbent bed [374] 
  
 















Allium sativum Garlic bulb 3-vinyl-4H-1,2-
dithiin 





Allium sativum Garlic flake allicin 0.4-2.3 150-450 35-65 97 kgCO2 kg-1 sample HPLC Modeling [144] 
Allium sativum L. Garlic flake  0.6-1.0 140-400 35-60 1.8 kgCO2 kg-1 sample HPLC  [145] 
Allium sativum L. Garlic clove Allicin  240 35  HPLC  [376] 
Alnus glutinosa  (L.) 
Gaertn 
- bark betulin, 
betulinic acid, 
lupeol 
1.5-3.8 300-450 40-60 0-10 % EtOH 





Soxhlet ext. [377] 








Alpinia oxyphylla - seed  1.36-2.80 20-40 45-65   RSM 
DoE 
[379] 
Amaranthus caudatus Amaranth seed tocopherols, 
fatty acids, 
sterols 













Amaranthus caudatus Amaranth seed squalene 0-6 150-250 40-70 4000 LCO2 kg-1 sample HPLC Particle size effect [269] 




Flow rate effect 
Modeling 
[381] 





Ammi majus - seed furocoumarins  250-550 40-80 10 % EtOH 
20-160 kgCO2 kg-1 sample 
1H NMR SC  
Chromatography 
[299] 
Anacardium occidentale Cashew  anacardic acid 0-60 300 40-60  HPLC Modeling [136] 
Anacardium occidentale Cashew fruit Cardanol  225-300 50 8-45 kgCO2 kg-1 sample GC-MS Cost 
Optimization 
[138] 
Anacardium occidentale Cashew fruit  1-23 200-300 40-60  GC-MS Modeling 
























leaf andrographolide  80-240 40-70 0-15 % EtOH 
0-15 % H2O 

















Anemopsis californica Yerba 
mansa 
leaf  5-6 355 100 28 LCO2 kg-1 sample GC-MS Steam distillation [29] 
Angelica archangelica 
L. 
Angelica root   90-120 40-60  GC-MS Hydrodistillation [383] 
Angelica dahurica -   2-4 250-350 44-50 21818-43636 lCO2 kg-1 
sample 
(75% EtOH/25 % 
H2O) 
GC-MS DoE [384] 
Angelica gigas NAKAI 
Angelica sinensis 
Angelica acutiloba 






 root ferulic acid 0.8-4.0 300-500 45-65 0-40 kgCO2 kg-1 sample 
EtOH 





- herb phytosterols 
β-Sitosterol, 
stigmasterol 








Apium graveolens L. Celery seed  0-23 100-200 45 10-150 kgCO2 kg-1 
sample 
 Modeling [387] 




40-80 30  kgCO2 kg-1 sample 








 leaf anthocyanins 0-3.6 300 40 0-20 % EtOH 





Artemisia absinthium L. Wormwood leaf + 
flower 
 0.75-3.66 90-180 40-50 88-447 kgCO2 kg-1 sample 
EtOH 
  [390] 
  
 














Artemisia arborescens L. 
Helichrysum splendidum 
(Thunb.) Less 
 leaf  0.1-0.4 90 50 14 kgCO2 kg-1 sample GC-MS Hydrodistillation [391] 
Artemisia capillaris T. - whole 
plant 
capillarisin  173 50 7.5 wt.% ethyl-
acetate 




Artemisia sieberi Wormwood aerial 
parts 





Atractylode lancea - root  2.3-10.3 150-250 40-60 22-62 LCO2 kg-1 sample GC-MS DoE [393] 
Atractylodis 
macrocephalae 
Baizhu rhizome  3.67-6.76  
150-450 
 
40-60 54 LCO2 kg-1 sample 
 
  [394] 
Azadirachta indica Neem 
 
seed  5-85 100-260 30-55 4.7-26 LCO2kg-1 sample 
0-10 % MeOH 
HPLC 𝑑p, 𝑄  effects 
 
[189] 
Azadirachta indica Neem seed  5-70 100-260 35-60 0-2.7 LCO2kg-1 sample Gravimetric  𝑑p effect  
Modeling 
𝑄  effects 
[191] 
Azadirachta indica Neem seed  0-85 100-260 35-60 2-186 LCO2kg-1 sample Gravimetric 
Analysis 
Modeling 
Effect of particle 
size 
[190] 
Azadirachta indica A. 
Juss 
Neem seed nimbin 0-0.02 100-260 35-60 12-53 kgCO2 kg-1 
sample 
HPLC  [188] 
Baccharis 
dracunculifolia 
Baccharis leaf DHCA, PHCA, 
p-coumaric acid, 
kaempferide 















Baccharis trimera Baccharis branch 
and  leaf 
 1.7-2.3 90 40-70 80 LCO2 kg-1 sample GC 
GC-MS 
Modeling [397] 
Baccharis trimera Baccharis stem and 
leaf 
 0.3-2.0 100-300 30-40  GC-MS Modeling 
Solvent extraction 
[398] 
Betula pendula Roth Birch leaf amino acids  100-400 35-100 MeOH–H2O–
acetonitrile 
HPLC-FLD Soxhlet extraction [399] 
  
 









Bixa orelana L. Annatto seed carotenoid bixin 1-45 200-300 50-60 100 kgCO2 kg-1 sample 








Bixa orelana L. Annatto seed bixin  100-350 30-50  GC-FID Modeling [401] 








Borage officinalis L. Borage seed ϒ-linolenic acid 0-0.18 0-350 30-60 3750-15000 
LCO2kg-1 sample 
GC Soxhlet extraction [403] 







Borage seed caprylic acid 
methyl ester 
0.1-24.3 100-350 40 1-20 kgCO2 kg-1 
sample 
0-2 %  EtOH 
GC  [404] 
Borago officinalis L. Borage seed  0-30 200-300 55 0-60 kgCO2 kg-1 
sample 
 Bed length effect 
Flow rate effect 
SEM 
[405] 
Borago officinalis L. Borage seed  9-57 150-250 30-60 1000 LCO2kg-1 sample HPLC 
GC-MS 
Soxhlet extraction [406] 
Brassica napus Rapeseed seed  5-12 300 40 10-130 kgCO2 kg-1 sample Gravimetric 
Analysis 
Modeling [407] 




Brassica napus Rapeseed/ 
Sunflower/ 
Soybean 





Brassica napus L. Canola press 
cake 
phenolics 2.1-10.3 300-500 40-60 10 % EtOH 
61 kgCO2 kg-1 sample 
 
HPLC  [409] 
Brassica oleracea Broccoli leaf amino acids  100-250 50-80 20-35 % (vol.) 
MeOH 
GC-MS Solvent extraction [410] 
Bunium persicum Boiss. 








 200 45 2 LCO2kg-1 sample GC-MS Hydrodistillation [411] 













9 % (vol.) EtOH Solvent 
Conc. effect 
Cajanus cajan Pigeonpea leaf cajaninstilbene 
acid 
pinostrobin 






Calendula officinalis Marigold flower faradiol 5 500 50 105 kgCO2 kg-1 sample LPLC 
HPLC 
Preparative HPLC [414] 

























flower phenolic 0.5-5.5 300-689 50 0-16 LCO2kg-1 sample 





















Camellia sinensis L. Tea (green) leaf epigallocatechin 
gallate 
 100-300 40-60 30-240 LCO2kg-1 sample HPLC Modeling 
Soxhlet extraction 
[421] 
Cannabis sativa L. Hemp seed  17.3-22.1 300-400 40-80 30-60 kgCO2 kg-1 sample GC-MS Soxhlet [422] 





Capsicum annuum L. Red pepper seed, vitamin A and E 12.9 – 68.1 (A) 200-300 45-100 100 – 133 LCO2kg-1  Microencapsulatio [424] 
  
 











4.0-97 (E) sample 
EtOH 13 vol.% 
n 















Capsicum annuum L. Jalapeño flake  0-0.11 120-320 40  HPLC Modeling [114] 







Capsicum annuum L. Red Pepper fruit  0.7-2.2 100-500 40-60 0-370 kgCO2 kg-1 sample GC-MS 
GC-FID 
SEM 
Use of biotic 
elicitor 
[119] 








Capsicum frutescens L. Red pepper seed capsaicinoids 15-90 162-218 40 7-168  kgCO2 kg-1 
sample 
















Soxhlet ext. [148] 





Carum carvi L. Caraway fruit limonene 
carvone 
1-9 70-400 80 0-3 % MeOH 

















0-3 % Acetone 
0-3 % Acetonitrile 
0-3 % Hexane 
0-3 % 
Dichloromethane 
0-3 % Chloroform 
0-3 % Toluene 
HPLC Particle sizes 
effect 
Carum carvi L. Caraway seed carvone 
limonene 





Carum carvi L. Caraway seed   90 50  GC-MS Hydrodistillation [430] 





Cassia tora Juemingzi seed  0.27 250 45  GC-FID 
GC-MS 
 [28] 




 200-400 40-80 0.3-0.9 LCO2 kg-1 
sample 












Chamomilla recutita Chamomile flower  0.5-4.3 100-200 30-40 3 kgCO2 kg-1 sample GC-MS 
GC 
Modeling [433] 
Chamomilla recutita L. 
Rauschert 
Chamomile flower  1.9 90 40 92 kgCO2 kg-1 sample HPLC 
GC 
In-line inclusion [434] 








Cinnamon bark tyrosinase 
melanin 
 90-120 40-50  GC-MS Soxhlet extraction 
Hydrodistillation 
[436] 






fruit lycopene 0.001-0.004 207-414 70-90 90 LCO2kg-1 sample 
10-15 % EtOH 
HPLC  [275] 
Citrullus lanatus 
Hibiscus sabdarriffa Lin 
Kalahari 
melon 















Citrullus lanatus Kalahari 
melon 





Citrus depressa  fruit nobiletin,  
tangeretin  







Citrus grandis L. 
Osbeck 









Citrus junos Yuzu seed  10-28 200-500 40-70  GC-FID Soxhlet extraction [439] 
Citrus latifolia 
Tanaka 
Lime fruit limonene 1.6-3.6 90-110 40-60 60-320 LCO2kg-1 sample GC 
GC-MS 
Hydrodistillation [440] 
Citrus maxima Merr  peel   276-345 40-50 3600 LCO2 kg-1 sample HPLC  [441] 









Citrus paradisi Macf. Grapefruit seed limonoids 
naringin 
0.1-0.6 345-483 40-60 10-30 % EtOH 






Citrus sinensis Korean 
orange 
peel perillyl alcohol 0-0.9 150-200 30-60  GC  [444] 
Citrus sinensis Korean 
orange 
peel perillyl Alcohol 0-4.4 200 50 84 kgCO2 kg-1 sample GC Pilot plant [159] 
Citrus sinensis Orange fruit  6-13 200 
 















































Citrus unshiu  press 
cake 
carotenoids  172-448 70 0-20 % EtOH  RSM 
DoE 
[445] 




Coffea arabica Coffee husk/sp
ent 
 0.5-9.7 100-300 40-60 101-189 kgCO2 kg-1 
sample 
























Coffea arabica Coffee bean cafestol, 
kahweol 
 235-380 60-90 62.5 LCO2kg-1 sample HPLC Soxhlet extraction 
DoE 
[92] 
Coffea arabica Coffee bean caffeine 0-17 152-352 50-70 0-200 kgCO2 kg-1 sample HPLC  [449] 
Coffea arabica Coffee beans   250-300 50-90   RSM 
DoE 
[450] 
Coffea arabica variety 
Mundo Novo 
Coffee bean   152-352 50-60 0-5 % (wt.) EtOH 
0-5 % (wt.) isopropyl 
alcohol 
HPLC  [93] 




husks caffeine 24-59) 200-300 60-100 35-197  kgCO2 kg-1 
sample 
HPLC  [451] 
Coffea spp. Coffee seed  4.2-19.4 150-350 40-60 90 kgCO2 kg-1 sample HRGC Soxhlet ext. 
Modeling 
[94] 




Flow rate effect 
[452] 
Coix lachrymal-jobi 
L. var. Adlay 
Adlay seed  11.6-82.6 100-250 35-50 180 LCO2 kg-1 sample GC-MS Ultrassound 
assisted  SFE 
Particle size effect 
[453] 
Colchicum autumnale  seed colchicine  247 25-40 0-7 % MeOH HPLC Organic solvent [454] 
  
 





















3.2-3.5 90 45-50  GC-MS Hydrodistillation 
Steam distillation 
[186] 
Coptis chinensis Coptis 
chinensis 
rhizome berberine 0.15-7.53 200-600 60 EtOH 
MeOH 
1,2-Propanediol 
HPLC Soxhlet [455] 





Cordia verbenácea D.C. - leaf   100-300 30-50 20-100 kgCO2 kg-1 sample  Antitumor 
activity 
[457] 
Coriandrum sativum Coriander seed  0.8-2.0 116-280 38-58  Spectrophotometr
y 
Hydrodistillation [458] 
Coriandrum sativum L. Coriander seed  0.05-0.6 90-150 40-50 47 kgCO2 kg-1 sample GC 
GC-MS 






































 leaf catechins  125-250 40-80 4.8 LCO2kg-1 sample HPLC DoE [465] 
Croton zehntneri Pax 
et Hoff 
 leaf  0-0.9 67-79 10-28 3 kgCO2 kg-1 sample GC Modeling [466]] 
Cucumis melo 
Cantalupensis 

















Cucurbita ficifolia Fig leaf 
gourd 
seed  40-43 180-200 35-45  GC Modeling [468] 
Cucurbita ficifolia Pumpkin seed  86-93 180-200 35-45   Soxhlet extraction [169] 







Pumpkin seed  10-98 250-300 55  GC-MS Solvent extraction 
Flow rates efffect 
[173] 
Cucurbita moschata Pumpkin fruit α-carotene, 
β-carotene 
lutein ester 




Cucurbita pepo convar. 
citrullina 
Pumpkin seed spinasterol 
Δ7,22,25-
stigmastatrienol 
36.1 400 40 30 kgCO2 kg-1 sample GC-MS Solvent extraction [170] 
Cuminum cyminum L. Cumin seed cuminaldehyde 1.7-3.5 550 100 513 kgCO2 kg-1 sample GC-FID  [469] 









Curcuma longa L. Turmeric rhizome turmerone 
ar-turmerone 
2-5 200-400 40-60 6-130 kgCO2 kg-1 
sample 
GC-MS Steam distillation [178] 
Curcuma longa L. Turmeric rhizome  0-7 300 30 0-1 kgCO2 kg-1 sample 
6.9-16.1 % 
EtOH/Isopropyl 



























Quince seed   100-345 30-65 24 LCO2kg-1 sample 







Cymbopogon citratus Lemongrass    80 50 19-144 LCO2kg-1 
sample 



















Cymbopogon citratus Lemongrass leaf  0.4-1.7 80-120 23-50 2.8-3.7 kgCO2 kg-1 
sample 




























Cyperus rotundus - rhizome α-cyperone 2.6 200 40  HPLC 
MS 
Purification [27] 
Daucus carota L. Carrot root   276-551 40-70 0-5 % (w/w) Canola 
Oil 
0-470 kgCO2 kg-1 sample 
HPLC Solvent extraction 
Moisture effect 
Particle size effect 
Flow rate  effect 
[474] 





Pilot scale [133] 
Daucus carota L. Carrot root carotenoids 1.5-2.5 276-551 40-70 2.5-5.0 % w/w 
Canola oil 





Daucus carota L. 
subsp. carota 
Carrot umbels   90 40  GC-MS Antifungal activity 
Hydrodistillation 
[475] 
Daucus carrota L., 
cultivar 
‘‘Chanteney” 

















Particle size study 
Diospyros kaki Thunb. Persimmon fruit carotenoids 36 300 40-80 5-20 % EtOH 
2.8x105 LCO2kg-1 sample 















0.0-2.4 101-304 35-75 3-15 LCO2 kg-1 sample 

















Drosera intermedia  
- 
 


























250-300 40-60 0-20 kgCO2 kg-1 sample HPLC  [481] 
Ekebergia capensis - wood   405 80 2 % (mol) H20 NMR Uterotonic 
activity 
[482] 




Elaeis guineensis Palm kernel 
cake 
 
 0-9.26 275-413 40-70 6.66-10 lCO2kg-1 sample 
 




Elaeis guineensis Palm fruit oil 77.8 140-300 40-80  GC-FID Soxhlet extraction [484] 



































Ephedra sinica  aerial 
parts 
  136-340 40-80 0-10 % H2O 






Equisetum giganteum L. Horsetail aerial 
parts 





Erythroxylum coca var. 
coca 









Eucalypt leaf 1,8-cineole 
 




Eucalyptus leaf gallic acid 12.0-16.6 400 70 15 % EtOH 


































Eucalyptus globulus Eucalypt bark Phenolic 0.28-0.51 300 50-70 45 lCO2kg-1 sample 















 120-200 40-60 5-51 kgCO2 kg-1 
sample 
0-5 % (wt.) EtOH 
GC-MS Modeling [84] 
  
 























0.5-1.7 100-200 40 8-110 kgCO2 kg-1 
sample 
0-8 % (wt.) EtOH 
GC-MS Soxhlet extraction 
Fractionation 
[492] 









0.04-1.2 100-200 40-60 31 kgCO2 kg-1 sample 
0-5 % (wt.) EtOH 
GC-MS DoE [85] 
Eucalyptus grandis 
Eucalyptus globulus 
Eucalypt bark methyl morolate 
 




Soxhlet extraction [89] 
Eucalyptus spathulata 
Eucalyptus microtheca 











 0.8-11 67-250 15-40 2.5 kgCO2 kg-1 sample GC-MS Modeling 
Solubility 
measurement 
Flow rate study 
[493] 
Eucommia ulmoides - seed aucubin 0.6-2.0 180-300 45-330 400 LCO2kg-1 sample 
0-3 % (vol.)H2O -
EtOH 
0-3 % (vol.)H2O 
0-3 % (vol.)MeOH 
0-3 % (vol.)  EtOH 
0-3 % (vol.) H2O -
HPLC Soxhlet extraction [494] 
  
 










0-3 % (vol.) H2O-
EtOH 













 5.8-13.3 100-200 35-40 4-36 kgCO2 kg-1 sample Gravimetric Modeling 
Extractor 
geometry study 
Flow rates effect 
Scale-up 
[496] 
Eugenia caryophyllata - bud eugenol 17.1 300 50  HPLC SFC [497] 
Eugenia caryophyllata 
Thunb. 












0.42 % to 0.56 
% 
(extracts flavour 






Euphorbia rigida Euphorbia leaf 
+stalk 
hydrocarbons 8.6 400 50 0.6 kgCO2 kg-1 sample 
0-10 % MEtOH 
GC-FID 
GC-MS 
Soxhlet extraction [500] 
Evodia rutaecarpa - fruit evodiamine 
rutaecarpine 
0.6-6.5 200-400 50-70 180000 LCO2 kg-1 sample 
16 % (vol.) MeOH 
HPLC Soxhlet extraction [501] 
Ferula assa-foetida -   0.8-5.5 101-303 45-65 1.5-4.7 LCO2 kg-1 sample 




Ferulago Angulata - aerial 
parts 












Foeniculum vulgare Fennel seed (E)-anethol - 200-350 45-55 3.6-5.4 LCO2kg-1 
sample 
0-5 %  MEtOH 
GC-MS Hydrodistillation [108] 




























Fennel seed  1.5-5.5 80-150 40-57 36-285 kgCO2 kg-1 sample GC 
GC-MS 
Hydrodistillation [506] 







Garcinia mangostana L. Mangosteen fruit xanthones 5.37-15.14 180-380 40-60 EtOH (5 % w/w) HPLC- ESI/MS DPPH [508] 
Ginkgo biloba Ginkgo biloba leaf flavonoids 0-0.24 100-300 35-65 6-16 LCO2kg-1 sample 





Ginko biloba Ginko biloba leaf flavonoids 
terpenoids 




Ginko biloba Ginko biloba leaf terpene lactone 
flavoinoids 
4.5-11.4 242-312 60-120 5-24 % (mol) EtOH HPLC Soxhlet extraction [510] 
Ginko biloba Ginko biloba leaf bilobalide 
ginkolides 
 204-340 40-80 5-20 % (vol.) MeOH 
16/4 %  (vol.) 
MeOH/ H2O 
HPLC-ESI-MS Organic solvent 
extraction 
[511] 
Glycine variety Soybean distillate fatty acids, 
tocopherols, 
sterols, squalene 
32-65 241-310 50-90  RP-HPLC  [17] 
Glycine variety Soybean flakes lecithin  655 80 6.7 lCO2 kg-1 sample 




Glycine variety Soybean distillate tocopherols - 110-318 
 
50-60 (1-4.7) x 10-4 LCO2 
L-1sample 
GC ODS traps [512] 














Glycyrrhiza root  1.2-2.8 150-350 40-60 6-14 kgCO2 kg-1 sample GC-MS Antibacterial 
activity  
[513] 





Guaicum Bulnesia - wood  0.7 120 80  GC-MS Hydrostillation [515] 
Guilielma speciosa Pupunha fruit fatty Acids 13 250-300 50-45 65-93 kgCO2 kg-1 GC Modeling [260] 
  
 


























Helianthus annuus L. Sunflower distillate tocopherols 
phytosterols 




Helianthus annuus L. Sunflower leaf allelopathic 
compounds 
0-2 100-500 35-50 5 % MeOH 
5 % DSMO 




Helianthus annuus L. Sunflower leaf allelopathic 
compounds 
0.2-1.6 380 50 42-126 kgCO2 kg-1 sample 
3.8-4.7 % H2O 
 Pilot scale 




Helianthus annuus L. Sunflower leaf allelopathic 
compounds 





Helianthus annuus L. Sunflower seed  0-95 200-600 40-80 425 kgCO2 kg-1 sample Gravimetric 
Analysis 
Modeling 




Helichrysum italicum - flower  0-4.5 100 - 200 
 












50-95  HPLC Antioxidant 
activity 
[517] 







Hibiscus cannabinus L Kenaf seed   400-600 40-80 38  kgCO2 kg-1 sample 
 







 150-350 35-55 2.4 kgCO2 kg-1 sample 


















0-30 % (vol./w) 
EtOH 









fruit β-sitosterol 9.9-10.9 150-600 40-80 0-137 kgCO2 kg-1 
sample 




































45-75 24  kgCO2 kg-1 sample 







          [522] 




seed  1.1-1.4 650 60-100  Gravimetric Soxhlet ext. [523] 
Hordeum vulgare L.  
var. Robur 






Hordeum vulgare L. Brewer’s 
Spent Grain 
 tocopherol 0.2-1.7 100-350 40-80 66-400 LCO2kg-1 sample HPLC Economic analysis [525] 
Hylocereus undatus White 
pitaya 












40-60 76  kgCO2 kg-1 sample 
 
HPLC ANOVA [527] 
  
 











































  0-4.8 100-200 40-50 45 kgCO2 kg-1 sample  Modeling 
Optimization 
[369] 



















120-200 40-70  HPLC  [532] 
Illicium verum Chinese star 
anise 
seed fatty acids 6.80-23.72 100-300 30-50 (0-15 %) (vol.) EtOH HPLC RSM 
DoE 
[257] 
Inula viscosa (L.) Aiton 
Inula graveolens (L.) 
Desf 
 









Jatropha curcas - seed triglycerides 14.4-48.9 250-350 40-60  GC RSM 
Soxhlet extraction 
[255] 
Juglans regia L Walnut fruit  0-95 180-234 35-48 0-550 kgCO2 kg-1 
sample 
HPLC Soxhlet extraction 
Rancimat method 
[534] 
Juglans regia L. Walnut   68.2 689 85 70 LCO2kg-1 sample Gravimetric Subcritical solvent 
extractions 
[535] 
Juniperus communis L. Juniper fruit  0.2-0.4 90-200 40 30 kgCO2 kg-1 sample GC-FID 
GC-MS 
Hydrodistillation [536] 
Juniperus communis L. Juniperus fruit  4.5-12.5 90-125 40-50 6-18 kgCO2 kg-1sample GC 
GC-MS 
Hydrodistillation [537] 
Juniperus communis L. Juniper fruit  0.1-4 80-100 40 1-80 kgCO2 kg-1 sample GC-MS 
GC-FID 
Steam distillation [538] 
Juniperus communis L. Juniper fruit  0.2-0.5 90-200 40 30 kgCO2 kg-1 sample GC-FID Hydrodistillation [539] 
  
 









GC-MS Particle sizes 
effect 
Juniperus communis L. Juniperus leaf   200-350 45-55 0-5 % MeOH GC-MS 
GC-FID 
Hydrodistillation [540] 
Juniperus oxycedrus L. Juniperus  
leaf + 
fruit 






Juniperus virginiana L. Cedarwood wood - 4.5-10.4 103-689 
 
40-100 20.8 LCO2kg-1 sample 
 
GC Steam distillation [542] 
Juniperus Virginiana L. Cedarwood wood cedrol 
cedrene 
2.5-3.9 414 100 909-7273 LCO2kg-1 
sample 
GC Water extraction [543] 
L. Stoechas subspecies 
C. Boiss 
Lavender flower - 1.2 80-140 35-50 10-40  kgCO2kg-1 
sample 

























leaf tocopherol  101-405 40  HPLC Algae extraction [545] 
Laurus nobilis L. Laurel leaf monoterpenes, 
oxygenated 
derivates 
1.37 100 40 17 kgCO2 kg-1 sample GC-FID 
GC-M 
 [156] 





Laurus nobilis L. Daphne seed  0-28 340 35-75 0-15 LCO2kg-1 sample HPLC  [546] 
Laurus nobilis L.  fruit  0.9 90-250 40  HPLC Hydrodistillation [547] 





























Lavandula stoechas L. 
ssp. cariensis 
(Boiss.) Rozeira 




Lavandula viridis L’Hér - aerial 
parts 




















 1.6-2.2 200-350 40 100-200 kgCO2 kg-1 
sample 
GC-MS Extractor size 
study 
[553] 
Ligusticum Chuanxiong Ligusticum root  0-5 200-350 55-70 8-80 LCO2kg-1 sample GC-MS  [554] 





350 70 16 LCO2 kg-1 sample GC-MS (SIM)  [26] 
Linum usitatissimum Flax waste policosanols 7.4 552 60 1-10 % (vol.) EtOH 
60 LCO2kg-1 sample 
GC-MS Organic solvent 
extraction 
[105] 
Linum usitatissimum Flax seed  35.7-41.0 413-620 100 (0.6-1.2) × 105 
LCO2kg-1 sample 










Soxhlet extraction [103] 
















Linum usitatissimum Flax straw wax 0.52-1.23 200-400 40-70  GC-MS RSM 
DoE 
[102] 



















seed  21-49 517 100 7.5-132 LCO2kg-1 
sample 





Lippia alba Lippia leaf limonene 
carvone 





Lippia alba Mill. - leaf/ste
m 









Lippia dulcis Trev. Lippia leaf + 
flower 















lycopene 72.5-80.0 400 60 21-51 kgCO2 kg-1 sample HPLC Mixture of raw 
materials 
[273] 
Macadamia integrifolia Macadamia fruit  0-0.65 100-180 40-80 53 LCO2kg-1 sample GC Modeling [561] 
Majorana hortensis 
Moench 
Marjoram leaf  1.4 200 50 80 lCO2 kg-1 sample GC-MS Hydrodistillation [278] 
  
 









Mangifera indica L. Mango leaf mangiferin 
quercetin 
 100-400 35-75 240 kgCO2 kg-1 sample 
0-20 % EtOH 





Marchantia convoluta    0.8-4.7 50-200 35-65 1.8-5.3 LCO2kg-1 sample GC-MS Organic solvent 
extraction 
[563] 
Marchantia convoluta  whole 
plant 
 0.7-4.7 50-200 35-65 6 LCO2kg-1 sample 
MeOH 
GC-MS  [564] 
Matricaria chamomilla Chamomile flower matricine 
chamazulene 
α-bisabolol 







Matricaria recutita Chamomile flower   240 40  GC-MS Modeling [565] 
Maydis stigma - flower flavonoids  250-450 
 
40-60 EtOH 








 Leaf  1.0-6.6 101 50 0-10 % (vol.) 
pentane 
0-20 % (vol.) 
pentane 
0-10 % (vol.) 
EtOH 
0-10 % (vol.) 
MeOH 




Maytenus ilicifolia  leaf   100-250 20-40  GC-MS Particle sizes 
study 
[567] 
Melaleuca cajuputi - leaf Sesquiterpenes,  
oxygenated 
derivatives 




















Melissa officinalis, L. Lemon balm leaf phenols 2-30 100-180 35-40   Rancimat method [570] 
Mentha pulegium Pennyroyal leaf +  10-98 100 50 50-100 kgCO2 kg-1 Gravimetric Steam distillation [571] 
  
 









flower sample Modeling 




 100-200 35-55 1-5 kgCO2 kg-1 sample 
0-53 % MEtOH 
GC-MS Hydrodistillation [572] 
Mentha spicata 
Salvia desoleana 
Sage/Mint leaf   90 50  GC-MS Fractionation 
Hydrodistillation 
[573] 
Mentha spicata Spearmint leaf carvone 
limonene 





Mentha spicata Spearmint flake  1.3-2.9 100-300 40-50 15-20 %  w/w 
EtOH 






Mentha spicata L. Spearmint leaves  0.25-1.82 90-170 35-55  Gravimetric 
Analysis 
DoE 
Particle size effect 
[576] 






3.0-6.9 100-300 40-60 30 kgCO2 kg-1 sample HPLC RSM 
DoE 
[577] 
Microula sikkimensis - seed  27-35 210-270 35-55 6.8-18.4 LCO2 kg-1 
sample 
GC DoE [578] 
Mikania glomerata 
Spreng 





















Moringa oleifera  - kernel oil 6.71-36.13 150-300 35-60 (0-15 % w/w) EtOH GC RSM 
DoE 
[581] 










Myristica fragrans Nutmeg seed terpenes 2-4 150-200 40-50  GC-MS Modeling 














Myristica fragrans Nutmeg fruit 2-
alkylcyclobutano
nes 
 151-253 80 80 LCO2kg-1 sample GC-MS 
GC-HRMS 
 [583] 









Nepatia cataria Catnip leaf, 
stem, 
bud 
nepetalactone 4.6-5.7 413 40  TLC  [585] 
Nepeta persica - aerial 
parts 
nepetalactone 0.22-8.9 100-355 35-75 12 LCO2 kg-1 sample 






Nicotiana spp Tobacco leaf solanesol  80-250 25-60  GC-MS  [587] 
Nicotiana tabacum L. Tobacco leaf nicotine, 
neophytadiene 
0.4-1.0 100-300 40  GC-MS  [588] 







Nigella sativa L. Black 
Cumin 







Nigella sativa L. Black 
Cumin 






Nigella sativa L. Black 
Cumin 
seed  0.8-31.7 200-300 40-70 60 LCO2kg-1 sample HPLC Soxhlet extraction [591] 




 150-350 40-50 90-120 kgCO2 kg-1 sample 




Ocimum basilicum Basil seedling  5-23 100-300 30-50 0.3-0.5 kgCO2 kg-1 sample 
1-20 % H2O 
GC-MS 
ESI-MS 
Economic analysis [195] 
Ocimum basilicum Ocimum 
basilicum 
seed  1.08-1.95 99-243.7 25-50 36 kgCO2 kg-1 sample GC-MS Oil 
characterization 
[194] 





Ocimum gratissimum Ocimum leaf eugenol 0.1-2.1 70 33  GC-MS Hydrodistillation [193] 
  
 










micranthum Willd/  
Ocimum selloi Benth 
Steam distillation 
Oenothera biennis L. Primrose seed fatty acids 21 200-300 40-60 155 kgCO2 kg-1 sample GC Soxhlet extraction 
Modeling 
[592] 









Olea europaea L. Olive husk  64-80 75-350 40-60 8400-36000 
LCO2kg-1 sample 





Olea europaea L. Olive leaf tocopherol 4-38 250-450 40-60 200-600 LCO2kg-1 
sample 
HPLC Soxhlet extraction [594] 
Olea europaea L. Olive pomace tocopherols - 350 50  SFC 
GC-MS 
Fractionation [19] 




Olea europaea L. Olive leaf oleuropein  100-300 50-100 72000 LCO2kg-1 sample 
0-20 % (vol.) EtOH 
0-20 % MeOH 





















Origanum majorana Marjoram leaf and 
top 




















Origanum majorana Marjoram aerial 
parts 






Origanum virens L. Oregano flower  5-95 50-300 27-47 0-55 kgCO2 kg-1 
sample 
GC Hydrodistillation [167] 

























Origanum vulgare L. Oregano leaf  0.1-15.3 150-300 40-60 0-7 % EtOH LC-MS 
LC-DAD 
Pilot scale [164] 




Oriza spp. Rice bran  - 205-320 
 





Oriza spp. Rice bran lipids, γ-
oryzanol 
- 680 30-75 29-41 kgCO2 kg-1 
sample 
HPLC Solvent extraction [125] 







Oriza spp. Rice bran γ-oryzanols 18.1 300 40 78 kgCO2 kg-1 sample GC Soxhlet extraction [124] 
Oryza sativa L. Rice bran aroma  120 50 20-40 LCO2kg-1 sample GC-MS Cooking stage [120] 








Oryza sativa L. Rice bran niosomes 11.2 200 40 10-35 % (w/v) EtOH HPLC 
TPC 
Biological activity [122] 
  
 









Panax ginseng Ginseng root  1.1-10.7 104-312 35-60 6250 LCO2kg-1 sample 
0-6 % EtOH 













Panax quinquefolium American 
ginseng 






























Panicum miliaceum (L.) Millet bran - - 300-500 40-60 4-44 kgCO2 kg-1 
sample 
HPTLC 







Papaver Somniferum L. Poppy seed  15.8-38.7 210-550 50-70 5-105 kgCO2 kg-1 
sample 
GC  [602] 
Patrinia villosa Juss -   0.3-2.0 150-350 45-65 MEtOH 10-20 % 
(vol.) 
GC-MS DoE [603] 
Paullinia cupana Guaraná seed caffeine 0-4 100-400 40-70 0-400 kgCO2 kg-1 
sample 
HPLC  [604] 
Pelargonium graveolens Geranium root geraniol 0.2-3.8 100-300 40-70 35 kgCO2 kg-1 sample GC-MS Steam distillation [265] 




















  100-300 45-65 0-5 % MEtOH 
0-5 % EtOH 
0-5 % 
Dicloromethane 
0-5 % n-hexane 
GC 
GC-MS 
Steam distillation [277] 
Persea americana Avocado fruit  59.56-62.87 420-450 40-45 7-8 ×10-2 LCO2 kg-1 
sample 
  [605] 


















oil 0.4-3.1 100 40 6 kgCO2 kg-1 sample  Matrix 
pretreatment 
[608] 




Peumus boldus M. Boldo leaf  0.5-2.9 60-450 30-60 15-634 kgCO2 kg-1 sample 












root -Ecdysone 0.18-0.56 (dry 
bases) 







Phyllanthus emblica Emblica fruit phenolic 
compounds 








Physalis peruviana Physalis leaf flavonoids 
phenols 
3.6-15.5 400 60 0-5 % EtOH  Hydrodistillation 
Solvent extraction 
[307] 
Picea abies Spruce bark  2.5-3.3 260 70 16 kgCO2 kg-1 sample NMR 
HPLC‐DAD‐MS/
MS 
Solvent extraction [613] 



















Pinus brutia Pine bark catechins 
epicatechin 
 200-800 27-80 0-3 % w/w EtOH HPLC Pilot scale 
Sonication 
[615] 
Pinus pinaster  wood phenolics 0.3-2.1 100-250 30-50 0-20 % (wt.) EtOH GC-FID  [616] 
Pinus sylvestris L. Pine sawdust fatty and resin 
acids 
0.1-1.6 74-250 40-60 0-10 % w/w EtOH GC-MS Soxhlet 
extractions 
[259] 
Piper amalago - root   125-250 40-60 2300 LCO2 kg-1 sample HPLC Compressed gas 
extraction 
[617] 




Flow rates effect 
[618] 




fruit  0-12 90-150 40-50 0-340 kgCO2 kg-1 sample GC-MS Modeling [619] 









Pistacia lentiscus L. Pistachio berry + 
leaf 


















Prunus amygdalus Almond seed + 
kernel 



























Flow rates effect 
[127] 
Prunus armeniaca  L. Apricot kernel  5-42 300-600 40-70 0-50 kgCO2 kg-1 sample 








Prunus armeniaca  L. Apricot kernel  4-22 300-450 40-60 6-12 kgCO2 kg-1 sample 
0-3 % EtOH 
GC RSM [128] 
Prunus armeniaca  L. Apricot pomace β-carotene 3-9 133-473 43-77 10-90 LCO2 kg-1 sample 




Prunus avium L. Cherry pomace   50-200 20-60 20-40 LCO2kg-1 sample 

























Prunus persica Peach seed  0-30 150-198 40-51 0-140 kgCO2 kg-1 sample 
2.5-5.0 % mol/mol 
EtOH 




Prunus persica Peach kernel  3.8-24 100-300 50-70 (2-5 %)(w/w) EtOH   [630] 






Prunus spp. Almond seed  0-17 200-320 40-60 23-35 kgCO2 kg-1 sample  Ultrasound 
assisted 
[632] 

































0.00-0.05 300 55 53-266 kgCO2 kg-1 sample 
0-15 % EtOH 
HPLC Pilot scale [635] 
Pueraria lobata - root puerarin 
daidzein 
rutin 
0.2-2.0 150-250 40-60 750 LCO2kg-1 sample 







Pueraria lobata - root puerarin 0.4-0.6 100-300 40-60 1-2.3 kgCO2 kg-1 sample 
46-63 w/w EtOH 
HPLC  [637] 
Punica granatum Pomegranat
e 
seed  0.7-12.8 132-468 33-70 80-192 LCO2kg-1 sample HPLC RSM 
DoE 
Flow rates effect 
Soxhlet extraction 
[638] 
Quercus urfassea L. 
Quercus suber L. 
Oak fruit   180 40  FAME 
HPLC 
TLC 
Soxhlet extraction [639] 
Quercus suber L. Oak cork triterpenes 6 200-250 50 96 kgCO2 kg-1 sample 13C NMR Organic solvent 
extraction 
[640] 
Rhodiola rosea R. rosea herb rosavin 18-21 200 70-80 324-540 kgCO2 kg-1 
sample 
10 % H2O 
HPLC  [641] 
Rosa aff. Rubiginosa Rose hip seed  4.7-7.1 300-500 
 







Rosa aff. Rubiginosa Rose hip seed  0-0.35 300 40 0-60 kgCO2 kg-1 
sample 
Gravimetric  Micrograph [643] 
Rosa aff. Rubiginosa Rosehip seed  0-7.5 300-400 40-50 9.2-83 kgCO2 kg-1 
sample 
Gravimetric  Two-stage model [644] 
Rosa canina L. Rose hip seed  5.72 250 30 0.4-1.6 kgCO2 kg-1 
sample 




















Rosa Mosqueta; Rosa 
Aff. Rubiginosa 
Rose hip seed  100 % Soxhlet 300-700 
 






Rosa spp. Hiprose seed  0-7.4 103-689 40-70 2-20 kgCO2 kg-1 
sample 
Gravimetric SEM  
Modeling 
[647] 
Rosmarinus officinalis Rosemary leaf   90-400 40-60 2.5 LCO2kg-1 sample SFC-FID  [113] 








Rosmarinus officinalis Rosemary leaf   100-180 40-60 EtOH 0-3 wt.% 























Rosmarinus officinalis Rosemary leaf phenols 0.5-3.1 100-400 40 36  kgCO2 kg-1 sample 





Rosmarinus officinalis Rosemary leaf various 1 100-205 
 







Rosemary leaf carnosic acid, 
rosmanol, 
carnosol 















Rosmarinus officinalis Rosemary leaf  - 300-350 40-60 0-2 % EtOH HPLC Pilot scale [41] 
  
 










Salvia lavandulifolia Spanish sage leaf / 
flower 
 1.2-1.8 90-100 40-50 4-165 kgCO2 kg-1 sample GC-MS Hydrodistillation 
Modeling 
Flow rates study 
Particle size study 
[649] 
Salvia miltiorrhiza Danshen root tanshinones 0-5 200-400 40-60 13-75 LCO2kg-1 sample HPLC DoE [650] 
Salvia officinalis L. Sage   12-46 250-350 40 20 kgCO2 kg-1 sample 






























 1.3-6.5 90-120 45-60 120 kgCO2 kg-1 sample GC-MS Hydrodistillation [652] 
Santolina 
chamaecyparissus 




Particle size effect 
Flow rate effect 
[653] 
Santolina insularis - aerial 
parts 












5.9-8.7 303-405 55-75 5-10 % (vol.) EtOH GC-MS 
GC-FID 




Satureja hortensis L. Savoury  carnosol 
carnosic acid 
rosmarinic acid 
0.87-6.42 300-450 40 7  kgCO2 kg-1 sample 








Satureja montana Savoury aerial 
parts 




















Particle size effect 
Flow rate effect 
[303] 















0.2-1.3 200-270 40-60 10-74 kgCO2 kg-1 sample RP-HPLC Modeling [300] 
Scutellaria baicalensis - root baicalin 0.1-8.3 200-400 40-60 0.4 % (vol.) MeOH 
0.4 % (vol.) EtOH 





Sesamum indicum L. Black 
Sesame 
seed  41-52 200-400 35-85 225-300 LCO2kg-1 sample Spectrophotometr
y 
Solvent extraction [661] 
Seseli bocconi Guss Seseli 
bocconi 
Guss 
leaf  0.13-0.60 90 50  GC-MS Hydrodistillation [662] 
Silybum marianum Silybum seed vitamin E 5-25 100-300 5-80 65-82 kgCO2 kg-1 
sample 
HPLC Soxhlet extraction 
Acid value test 
Modeling 
[663] 
Simmondsia chinensis Jojoba seed  10-52 300-600 70-90 2-49 kgCO2 kg-1 sample 









(Thumb) Rehd et Wils 
- stem sinomenine 0.01-0.70 200-600 40-60 15000 LCO2kg-1 sample 
MeOH 
HPLC  [665] 
Solanum lycopersicum 
L. 
Tomato skin lycopene  335-450 45-70 3-40 kgCO2 kg-1 sample 




Particle size effect [65] 
Solanum lycopersicum Tomato fruit  0.03-0.07 250-350 45-75 5-15 % EtOH/ H2O HPLC Cluster analysis [68] 
  
 









L. /Canola Oil 
Solanum lycopersicum 
L. 











Tomato waste trans-Lycopene 0-0.03 300 40-80 220 kgCO2 kg-1 sample HPLC Particle size study 



















Tomato Waste Lipids 
Lycopene 
β-carotene 


















Tomato fruit lycopene 
β-carotene 
 400 40-70 0-5 wt.% EtOH 
0-5 wt.% Canola 
oil 
HPLC Soxhlet extraction [69] 
Solanum lycopersicum 
L. 
Tomato fruit and 
seed 











































Stevia rebaudiana - leaf stevioside 
rebaudioside A 













Clove Bud   90-120 50 8-42 kgCO2 kg-1 sample  Modeling [670] 












(Trevir) Sch. Bip. 
Glebionis 73urfasse73 
(L.) Spach 
Glebionis segetum (L.) 
Fourr 
Plagius flosculosus (L.) 
Alavi and Heywood 
Chrysanthe
mums 












Weber et Wiggers 
Dandelian leaf β-amyrin 
β-sitosterol 





Taxus baccata Yew needle 10-  100-400 65-75 8-50 LCO2kg-1 sample HPLC Soxhlet extraction [198] 
  
 











10 % MeOH 
Terminalia catappa - leaf and 
seed 













Theobroma cacao Cocoa bean  3-13 152-248 50 4-23 kgCO2 kg-1 sample GC Supercritical 
ethane 
[139] 
Theobroma cacao Cocoa beans caffeine 
theobromine 
 200-400 50 0-750 kgCO2 kg-1 sample HPLC Ethane extraction [140] 
Theobroma 
grandiflorum 






Thymbra spicata Thymbra leaf and 
branch 














































Thymus vulgaris L. Thyme leaf  4.9 400 60   Pilot scale 
Soxhlet extraction 
[81] 
Thymus vulgaris L. Thyme leaf thymol, 3.3-4.7  40  GC-MS  [76] 
  
 










































Trifolium pratense Red clover leaf isoflavones  100-400 35-75 5 % (vol.) (14:1) 
MeOH/H2O 
HPLC/MS  [681] 
Trifolium pretense L. Red clover root   137 80 n-hexane GC-MS  [682] 
Trigonella foenum-
graecum L. 










HPLC Soxhlet extraction [684] 
Triticum spp. Wheat flour lipids 0.6-1.4 172-517 60-100 0-19 % EtOH TLC Soxhlet extraction 
Butt extraction 
[184] 






Triticum spp. Wheat germ  50-92 250-380 55 369 LCO2kg-1 sample Gravimetric 
Analysis 
HPLC 
Soxhlet extraction [185] 



























Undaria pinnatifida Seaweed aerial 
parts 
  230 100 16.7 LCO2kg-1 sample 
MeOH 
GC-FID Soxhlet extraction [686] 
Valeriana officinalis L. Valerian root valerenic acid 0.2-2.0 100-200 40-70 0-5 % EtOH 
0-5 % MeOH 
HPLC  [687] 





Valeriana officinalis L. Valerian Root valerenic acids 1.8-4.9 152-228 37-61 4-12 LCO2kg-1 sample GC 
GC-MS 
Mixture design [689] 
Valeriana officinalis 
var. latifolia 
Valerian root  0.8-1.9 250-400 35-65  GC-MS Hydrodistillation [690] 
Vernonia galamensis L. iron weed seed vernolic acid 20-40 138-690 40-80 20000-50000 
LCO2kg-1 sample 






(L.) Nash ex Small 
Vetiver root khusimol, 
zizanoic acid 







Vetiveria zizanioides L. Vetiver root  3.90-4.35 300 40 7-33  kgCO2 kg-1 sample 
 














Vetiveria zizanioides L. Vetiver grass  0-6 100-190 40-50 40 LCO2kg-1 sample 




Vetiveria zizanioides L. Vetiver root  3.4-4.7 100-300 40 0-10 % (vol.) 
EtOH 



























Vitis 77urfasse L. Grape seed tryacylglicerides 11.5 180-220 40-50 90 kgCO2 kg-1 sample GC-FID Antioxidant 
activity 
[59] 
Vitis 77urfasse L. Grape seed  0-16 160-200 40 0-10 kgCO2 kg-1 sample GC-FID Matrix enzymatic 
pretreatment 
[33] 










Vitis spp. Grape pomace anthocyanins 0.02-1.2 150-300 40  
28-66 % EtOH 
HPLC Fractionation [62] 















Vitis vinifera Grape marc polyphenols  270-350 40-50 150-200 LCO2kg-1 sample 




Vitis vinifera Grape skin resveratrol  80-150 40 5-15 % EtOH HPLC  [699] 





Vitis vinifera Grape marc polyphenols  350 50 45-180 LCO2kg-1 sample 
0-7 % MeOH 




Vitis vinifera Grape pomace phenolics  150 40 10-20 % (wt.) EtOH 
















Vitis vinifera Grape seed   250 40 0-130 kgCO2 kg-1 sample 
0-10 % (wt.) EtOH 
GC-FID  [48] 
Vitis vinifera Grape seed  0.1-7.9 60-254 30-60 40 LCO2kg-1 sample GC Propane 
extraction 
[700] 
Vitis vinífera L. Grape pomace phenol 2.8-28.9 80-350 98-50 0-8 % EtOH HPLC Solid-liquid 
extraction 
[60] 
Vitis vinífera L. Grape seed phenolic 0-0.15 200-300 40  
0-15 % EtOH 
0-15 % MetOH 
HPLC-MS 
 
Solubility tests [55] 
Vitis vinífera L. Grape seed  2.5-6.2 300-400 35-40 6 LCO2kg-1 sample 




Vitis vinífera L. Grape seed  9.1-10 655 80 24 LCO2kg-1 sample 





Vitis vinífera L. Grape pomace phytosterols 6.6-11.2 370 65 2-123 kgCO2 kg-1 sample GC-MS 
GC-FID 
HPLC 
Solvent extraction [701] 
Vitis vinífera L. Grape fruit/see
d 
polyphenols 0.01-0.03 200-500 45 7-67 kgCO2 kg-1 sample 









 100-300 60 10-50 LCO2kg-1 sample 
5-25 % (vol.) EtOH 
HPLC  [47] 
Vitis vinífera L. Grape seed  13.42 350 40  





Vitis vinífera L. Grape Seed 
 
 

































Zataria  thymol; l-
terpinene; 
 r-cymene 





Steam distillation [705] 





Zea mays Corn bran phytosterols 96 345-690 40-80 60-120 LCO2kg-1 
sample 
0-15 % EtOH 
SFC  [291] 
Zingiber corallinum 
Hance 
- rhizome  2.8-9.1 20-150 30-60 5-8 LCO2kg-1 sample GC-MS Steam distillation 
DoE 
[707] 
Zingiber officinale Ginger rhizome gingerol  160 40   Ultrasound 




Zingiber officinale Ginger rhizome gingerol 1.9-2.7 200-250 25-35 158 kgCO2 kg-1 sample 
0-1.2 %EtOH 









Ginger rhizome  0-90 150-250 20-40 0-10 kgCO2 kg-1 
sample 
GC-MS Modeling [147] 
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3 PRELIMINARY SFE &  CHARACTERIZATION OF EXTRACTS 
 
This chapter is based on a published article on SFE of Eucalyptus globulus deciduous bark [1]. In brief, 
the extraction of Eucalyptus globulus deciduous bark with supercritical carbon dioxide was carried out at 
several pressures and temperatures in order to analyze their preliminary effect upon extraction yield and 
composition of final extracts. These were characterized in detail by GC-MS to determine the concentration 
of the most important families of compounds found, namely fatty acids, aliphatic alcohols, sterols and 
triterpenoids. Special attention is devoted to the triterpenic acids (TTA). The results are compared with 
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n the last decade, supercritical fluid extraction (SFE) with carbon dioxide has been 
researched with very encouraging success to obtain crude extracts from vegetable biomass. 
In general, this high-pressure technology deals firstly with a combination of the operating 
pressure (𝑃) and temperature (𝑇) so that an optimized extraction yield (high and/or selective) is 
achieved within the supercritical state window. For this, the density, viscosity, and polarity of 
the solvent may be manipulated with advantage, as well as diffusivities and solubility. Recent 
reviews [2-4] report the great activity on the field in terms of experimental and modeling work, 
and the large number of vegetable species that have been studied with this separation 
technology.  
 
Since SFE is an emergent separation technology in an industrial panorama still dominated by 
extractions with organic solvents (in particular hexane and dichloromethane), its achievements 
are typically contrasted with the existing methods. Accordingly, Soxhlet extractions are 
common practice to analyze SFE results, and several works  report them [1, 5-23]. In general, 
given the range of operating conditions that SFE experiments may cover, a typical situation 
consists in the distribution of SFE yield results below, nearby or even greater than those 
achieved by Soxhlet [10, 15, 22]. Contrarily to Soxhlet extractions, whose results are relatively 
unalterable for a fixed matrix and solvent, the supercritical solvent power is always function of, 
at least, the chosen pressure, temperature, and cosolvent content. Taking this into account, 
some of the works that led to yields lower than Soxhlet extraction may evidence a non-
optimized choice of operating conditions [5, 7, 9, 12]. On the other hand, even after 
optimization, Soxhlet yield results may prevail higher than SFE values [6, 16, 24]. Lab 
equipment limitations play a significant role in SFE results, particularly yields. Nevertheless, as 
referred before, yield is not the only variable to consider, and it is worth noting that 
supercritical extracts can exhibit much higher concentrations of target compounds [6, 14] 
despite lower extraction yields. For this reason, carefulness is recommended when comparing 
SFE with conventional extraction technologies. 
 
In this chapter, the SFE of E. globulus bark, a vegetable waste of the Portuguese pulp and paper 
industry, is presented in detail. Several assays were carried out with carbon dioxide at 100, 140 
and 200 bar, and 40, 50 and 60 ºC, and the extracts were analyzed by gas chromatography – 
mass spectrometry (GC–MS). The results are compared with those obtained by Soxhlet with 
dichloromethane, and the influence of the operating conditions upon the global yield and the 

















3.2 EXPERIMENTAL SECTION 
3.2.1 MATERIALS 
 
The deciduous bark was both peeled from the E. globulus trees and collected from the ground 
near to the trees in a clone plantation located in the district of Aveiro, Portugal. Deciduous bark 
from E. globulus was used in this work since its composition is roughly the same as the external 
bark and is available in larger quantities in the clone plantation. The bark was milled and then 
dried in an oven at 40 ºC during approximately 72 h, reaching final moisture content between 2 
and 5 %. The bark was stored in hermetically sealed bags until use. CO2 was purchased from 
Praxair, Portugal. Other reagents were analytical grade existing in the lab. 
 
3.2.2 SOXHLET EXTRACTION 
 
For comparison purposes, an extract of E. globulus deciduous bark was obtained by Soxhlet 
extraction. An amount of ~27 g of deciduous bark was placed inside the Soxhlet apparatus and 
treated with 300 mL of analytical grade dichloromethane for 7 h. At the end the solvent was 
evaporated to dryness and the extract was weighed and analyzed by GC-MS. 
 
3.2.3 SUPERCRITICAL FLUID EXTRACTION 
 
Supercritical extraction experiments were performed in a 0.5 L capacity Spe-edTM apparatus 
(Applied Separations), whose flowsheet is shown in Figure 3.1 [24-25]. Overall, the liquid CO2 
is pressurized by a cooled liquid pump to the desired extraction pressure, followed by a heating 
stage where it is heated to the extraction temperature. After attaining the supercritical state, the 
solvent flows upwards through the extractor where the biomass was previously placed. The 
effluent is then depressurized through a heated back pressure regulator valve (BPR), and 
bubbled in a trap containing ethanol to capture the extract for subsequent yield quantification 
and characterization. Finally, the spent CO2 is vented to the atmosphere. Regarding the SFE 
assays with modifiers, the addition of cosolvent (ethanol) is accomplished by a liquid pump 
(LabAlliance Model 1500) coupled to the CO2 line between the mass flow meter and the 
heating vessel. The total mass of extract was determined gravimetrically. 
 
A constant CO2 mass flow rate of 6 g min-1 was used in all extractions during 6 h, totalizing 2.2 
kg of spent carbon dioxide. Table 3.1 lists the remaining experimental conditions, specifically 
CO2 temperature, T , pressure, P , and mass of dry bark used in the extraction. 
 
  









Figure 3.1 − Scheme of the supercritical fluid extraction unit. Retrieved from [24].  
 
 
Table 3.1 − Experimental conditions employed for the supercritical extraction of E. globulus 
deciduous bark. Solvent flow rate (6 g min-1) and extraction time (6 h) were fixed. 
Run T  (ºC) P (bar) Mass of dry bark (g) 
3.1 40 100 70.9421 
3.2 40 140 78.9590 
3.3 40 200 70.5335 
3.4 50 100 79.3151 
3.5 50 140 75.9773 
3.6 50 200 75.9640 
3.7 60 100 76.1820 
3.8 60 140 76.6288 
3.9 60 200 71.9807 
 
 
3.2.4 ANALYSIS OF EXTRACTS 
 
Extracts were analyzed by GC-MS. About 20 mg of each dried extract were trimethylsilylated 
according to the literature [26-27]. Two aliquots of each extract were analyzed. Each aliquot 
was injected in triplicate. The presented results are the average of the concordant values 
obtained for each run (less than 5 % variation between injections of the same aliquot and 
between aliquots of the same sample). GC–MS analyses were performed using tetracosane as 
internal standard, in a Trace Gas Chromatograph 2000 Series equipped with a Finnigan Trace 
MS mass spectrometer, using helium as carrier gas (35 cm s−1), equipped with a DB-1 J&W 
capillary column (30 m × 0.32 mm i.d., 0.25 μm film thickness). The chromatographic 
conditions were as follows: initial temperature: 80 ºC for 5 min; temperature rate: 4 ºC min−1; 
final temperature: 285 ºC for 10 min; injector temperature: 250 ºC; transfer-line temperature: 
  









290 ºC; split ratio: 1:50. The MS was operated in the electron impact mode with electron 
impact energy of 70 eV and data collected at a rate of 1 scan s−1 over a range of m/z of 33–750. 
The ion source was maintained at 250 ºC.  
 
 
3.3 RESULTS AND DISCUSSION 
3.3.1 SOXHLET EXTRACTION 
 
The major compound families present and identified in the dichloromethane extracts of the E. 
globulus deciduous bark are fatty acids (FA), long chain aliphatic alcohols (LCAA), sterols (ST) 
and triterpenoids (TT). A typical GC-MS chromatogram of the extracts obtained in this essay is 
illustrated in Figure 3.2, where two distinct sections have been delimited: the first one 
comprises the retention time (RT) range where FA, LCAA and ST can be found, while the 
second corresponds to TT region. Among these families, the most valuable components are 
triterpenoids and particularly triterpenic acids. The total yield of the dichloromethane extract 
was 1.3 % of the dry weight of bark sample, with the TT fraction representing 53.61 wt.% of 
the extract. This value is considered the maximum yield that can be obtained from the 
deciduous bark samples and as the reference value for the SFE extraction studies. 
 
 
Figure 3.2 −  GC-MS chromatogram of a dichloromethane extract of E. globulus deciduous 
bark. The two regions were delimited according to the major families found: fatty acids, long 
chain aliphatic alcohols and sterols versus triterpenoids. Peak at 40.93 min is the internal 
standard. 
 
Table 3.2 presents the identified compounds from each family found in the Soxhlet extract. 
Among the triterpenoids of the extract, the triterpenic acids are the main group as they account 
for nearly 86 wt.% of the total TT fraction. Ursolic and 3-acetylursolic acids are the most 
abundant molecules of that group, totalizing 52 % of the TT obtained. With regard to the FA 
fraction, it represents 4 wt.% and comprises eight identified compounds, where palmitic, 
tetracosanoic and hexacosanoic acids are the most representative ones. Moreover, 
approximately 7 wt.% of the total extract is constituted of long chain aliphatic alcohols, mostly 
hexacosan-1-ol and octacosan-1-ol. In turn, sterols fraction weighs practically as much as fatty 
  








acids in the total extract (4.24 % vs. 3.92 %) and  -sitosterol represents almost the totality of 
the mass of this group (4.05 % vs. 4.24 %). Finally, 24.10 wt.% of the extract was not detected 
by GC-MS,  and 6.88 wt.% of the detected extract was not identified. 
 
Table 3.2 − Major components and families present in the dichloromethane extract of E. 
globulus bark. Data corresponds to Figure 3.2. 
Peak RT (min) Compound Family† (mg/kgsample) Content (%) 
1 28.69 Tetradecanoic acid FA 21.4 0.16 
2 33.38 Palmitic acid FA 107.6 0.82 
3 36.79 Linoleic acid FA 33.2 0.25 
4 36.98 Oleic acid FA 35.6 0.27 
5 37.69 Octadecanoic acid FA 14.7 0.11 
6 43.91 Docosan-1-ol LCAA 51.8 0.39 
7 45.36 Docosanoic acid FA 36.2 0.28 
8 47.44 Tetracosan-1-ol LCAA 101.6 0.77 
9 48.82 Tetracosanoic acid FA 152.9 1.16 
10 50.76 Hexacosan-1-ol LCAA 444.7 3.39 
11 52.19 Hexacosanoic acid FA 113.3 0.86 
12 52.51 Heptacosan-1-ol LCAA  39.1 0.30 
13 53.74  -tocopherol - 14.6 0.11 
14 54.38 Octacosan-1-ol LCAA 299.5 2.28 
15 56.37 Stigmasterol ST 24.7 0.19 
 
 
16 57.46  -Amirine TT 384.9 2.93
17 57.57  -Sitosterol ST 532.3 4.05 
18 58.07  -Amirine TT 98.5 0.75 
19 61.10 Betulonic acid TT 665.7 5.07 
20 62.32 Oleanolic acid TT 760.5 5.79 
21 62.75 Betulinic acid TT 691.7 5.27 
22 63.31 Ursolic acid TT 2215.3 16.87 
23 63.77 3-Acetyloleanolic acid 
acidacid 
TT 482.5 3.67 
24 65.01 3-Acetylursolic acid TT 1742.5 13.27 
    Totals per family    
Fatty Acids (FA)  514.9 3.92 
Long Chain Aliphatic Alcohols (LCAA)  936.7 7.13 
Sterols (ST)  557.0 4.24 
Triterpenoids (TT)  7634.6 58.13 
Other Compounds  325.7 2.48 
Not Detected (ND)  3165.3 24.10 
Total  13134.4 
 
100 
†LCAA= long chain aliphatic alcohols; FA= fatty acids; ST= sterols; TT= triterpenoids 
 
 
3.3.2 CALCULATION OF EQUILIBRIUM AND KINETIC PROPERTIES  
 
In this section, the estimation of equilibrium and kinetic properties and variables of interest to 
interpret and understand our experimental results are focused. Despite being a process with 
  









considerable variability concerning its operating conditions and the composition and structure 
of the raw material under study, the discussion of the SFE of triterpenoids from E. globulus bark 
may be enriched with a theoretical approach to the extraction results. Accordingly, the 
following properties and variables were selected and estimated: the density   , viscosity   , 
and Hildebrand solubility parameter of CO2   , the solubilities  *iy  of pure ursolic and 3-
acetylursolic acids in supercritical CO2 (these molecules were chosen as key compounds, due to 
their abundance in the bark), and the convective mass transfer coefficient in the extractor  fk . 
 
The density of carbon dioxide was determined from the relationship proposed by Pitzer and 
Schreiber [28], which provides accurate results very near the critical point. This equation is 
related to the earlier works of Haar-Gallagher-Kell [29] on water. In Table 3.3 the density 
values for the conditions of this work are listed. In the range of 100 to 200 bar, the densities 
exhibit large variations at 60 ºC (149.8 %) and 50 ºC (103.7 %), while just 33.4 % at 40 ºC. 
One may expect that these findings communicate themselves to the SFE results, as it will be 
discussed in the next section. 
 
Table 3.3 − Density, viscosity and Hildebrand solubility parameter of CO2 for the SFE 
conditions studied in this work. 
Run C)(ºT  (bar)P  )m(kg 3  s) Pa10( 5  )MPa( 0.5  
3.1 40 100 629.9 4.8 1.6 
3.2 40 140 764.3 6.6 2.0 
3.3 40 200 840.1 8.0 2.2 
3.4 50 100 385.6 2.9 1.0 
3.5 50 140 673.7 5.4 1.7 
3.6 50 200 785.5 7.0 2.0 
3.7 60 100 290.0 2.4 0.7 
3.8 60 140 536.2 4.2 1.4 
3.9 60 200 724.5 6.1 1.9 
 
The viscosities of CO2 were estimated using the empirical equation developed by Altunin and 
Sakhabetdinov [30]. In this expression, viscosity is a function of density and temperature. The 
calculated values are also compiled in Table 3.3. In the same range of pressure, the global 
increments of viscosity found at 40, 50 and 60 ºC are 66.7, 141.4 and 154.2 %, respectively, 
which is similar to the previous density trend. It is worth noting that both properties influence 
the percolation of CO2 along bed and the external mass transfer coefficients, with final impact 
upon SFE results.  
 
The Hildebrand solubility parameters can be used as indicators of mutual solubility, taking into 
account the rule of thumb that miscibility will occur when their difference is small, e.g. 
121  . This principle can be applied reasonably well for solid-liquid and liquid-liquid 
  








behavior, but it is not generally applicable to supercritical fluids. Although carbon dioxide is 
strictly non-polar, it has a large quadrupole that can interact with other polar liquids and solids. 
At higher pressures, the proximity between CO2 and solute molecules is shortened, leading to 
the creation of substantial dipole (induced or not)–quadrupole interactions that explains the 
CO2-philic character of many solutes. From the works of Giddings and coworkers [31-32] the 
following simple expression may be used to estimate   as function of the critical pressure of 
CO2, cP , and the reduced density at temperature T and at the normal boiling point, ebT : 
 ebr,r21c25.1  P  (1) 
 
The Hildebrand solubility parameters for the SFE conditions of this work are shown in Table 
3.3. Once again significant variations are observed at 60 ºC (171.4 %) and 50 ºC (100.0 %), 
against a modest jump of 37.5 % at 40 ºC, when pressure increases from 100 to 200 bar. 
 
The calculated values of   and   anticipate that the solubilities of the compounds of interest in 
this study will change significantly with temperature and pressure. In order to interpret such 
behavior, the solubilities of pure ursolic and 3-acetylursolic acids in supercritical CO2 will be 
estimated. From the isofugacity condition,    *SCF ,,, iisolidi yPTfPTf  , the well-known 






























iy  is solute solubility,  TP
sat
i
 is solute vapor pressure,  *,, iSCFi yTP  is the fugacity 
coefficient of the solute in supercritical phase, solid
iV  is the solute molar volume in solid state, 
and   is the universal gas constant. The necessary molar volumes of the solid triterpenic acids 
were estimated from their densities with resort to RCS ChemSpider database [34].  
 
The triterpenic acids vapor pressures were calculated using an integrated form of the Clausius-
Clapeyron equation proposed by Sepassi et al. [35]:  
 














































log  (3) 
 
which requires for each acid the boiling  bT  and melting  mT  temperatures, and the entropy of 
melting  mS , entropy of boiling  bS , heat capacity change on melting  mp,C , and heat 
capacity change on boiling  bp,C . The values of bT  and mT , as well as critical constants cT  
and cP , were estimated by the group contribution method proposed by Marrero et al. [36]. The 
remaining latent properties were computed with subsidiary expressions proposed by Sepassi et 
al. [35]. This method has been selected in view of the accurate results achieved for 815 organic 
  









compounds, ranging over 15 orders of magnitude, for which the absolute error is 0.18 log 
units, corresponding to a factor of 1.5.  
 
With regard to the fugacity coefficient, the calculation was accomplished with the Peng-
Robinson equation of state (EoS) [33]: 























BZSCFi  (4) 
whose nomenclature follows that universally adopted in the literature. The necessary Pitzer 
acentric factors of the triterpenic acids were estimated from Lee-Kesler correlation using Aspen 
Properties Version 2006.5. 
 
In Table 3.4, the estimated values of all previous properties are given. Moreover, the ratios of 
solubilities of pure ursolic and 3-acetylursolic acids are listed in Table 3.5 for adjacent pressures 
at fixed temperature. Two main trends can be detected: (i) *
iy  increments are more important 
at high temperatures: e.g., in the case of ursolic acid, such ratios are 7.8 and 1.8 at 40 ºC, 
137.7 and 3.6 at 50 ºC, and 241.9 and 9.2 at 60 ºC. (ii) The solubility ratios at constant 
temperature are smoother at higher pressures: at 40 ºC this quotient is 7.8 when pressure 
jumps from 100 to 140 bar, but only 1.8 for the variation 140-200 bar; at 50 ºC one gets 137.7 
against 3.6, and at 60 ºC they are 241.9 and 9.2. In the whole, these results embody and follow 
those trends presented earlier in Table 3.3 for density, viscosity and Hildebrand parameter.  
 
Table 3.4 − Estimated values of boiling, melting and critical properties of two key triterpenic 
acids (ursolic and 3-acetylursolic) plus respective acentric factors. 
 Ursolic 3-Acetylursolic 
M (g mol-1) 456.7 498.37 
iV  (cm
3 mol-1) 415.7 453.4 
(K)mT  565.15 503.27 
(K)bT  801.19 810.9 
(K)cT  949.07 962.67 
(bar)cP  11.9 11.2 
)mol(cm -13cV  1527.0 1648.2 
w 0.918 0.968 
 11m Kmol J S   64.8 68.5 
 11Kmol J  bS  91.2 91.0 
 11mp Kmol J C  64.8 68.5 
 11bp Kmol J C  -120.6 -122.6 
 13b e molcm V  618.7 670.3 
  








The same analysis was performed with respect to the convective mass transfer coefficient,
fk . 


















































If additionally the Wilke-Chang equation [41, 42] is adopted for the tracer diffusion coefficients,











































P  (6) 
 
These ratios were estimated for isothermal conditions using 8.0  and 31 [2]. These 
results are listed in Table 3.5. In the whole, they lie between 0.71 and 0.84, and increase with 
increasing pressure. With respect to temperature impact on these ratios, the values denote a 
minimum at 50 ºC when considering 140/100 pressure step and a decreasing trend with 
increasing temperature between 200 and 140 bar. Nonetheless, such variations are not 
comparable, in terms of magnitude, to those found for the solubility ratios. 
 
Table 3.5 − Ratios of convective mass transfer coefficients, solubilities, and mass transfer 
fluxes (for dilute solutions) computed at adjacent pressures and fixed temperature. Ursolic acid 
and 3-acetylursolic acid are the key triterpenoids of our SFE selected for the calculation. 





























40     21 PfPf kk   0.77 0.84  0.77 0.84 





yy  7.8 1.8  9.7 1.9 
40     21 PiPi NN
  
7.3 1.7  9.1 1.7 
50     21 PfPf kk   0.64 0.80  0.64 0.80 





yy  137.7 3.6  233.3 4.2 
50     21 PiPi NN
  
154.0 3.4  260.8 3.9 
60     21 PfPf kk   0.71 0.76  0.71 0.76 





yy  241.9 9.2  423.4 12.0 
60     21 PiPi NN
  
317.6 9.5  555.8 12.3 
  









The product *iCOf 2 yk   was also calculated, since it is proportional to the solute flux, iN , 
from Eucalyptus bark to the supercritical solvent in the case of dilute solutions  iN . Since the 
external mass transfer flux is  
22 COCObulk i,ei,interfacfi
MyykN  , and 0bulk i, y , then the 






























where it was additionally assumed that the interface concentration was equal to the solubility, 
i.e. *iinterfacei, yy  . 
 
The computed values for the same triterpenic acids (TTA) at adjacent pressures and constant 
temperature are shown in Table 3.5 and plotted in Figure 3.3. The graphs point out that if 
pressure increases from 100 to 140 bar, the fluxes enhance notoriously in comparison to the 
jump from 140 to 200 bar. Moreover, these leaps are much superior at high pressures, in 
accordance with previous results for other quantities.  Despite the decrease of 
fk ratios with 
rising pressure (see Table 3.5), the solute flux ratios are globally incremented due to the 
significant enhancement of the solubility ratios.  
 
 
Figure 3.3 − Ratios of the mass transfer fluxes of two key triterpenic acids for the case of 
dilute solutions under isothermal conditions:    
21 PiPi
NN  . (a) Adjacent pressures: 1401 P , 
1002 P  bar; (b) Adjacent pressures: 2001 P , 1402 P  bar. 
 
 
3.3.3 SFE OF Eucaliptus globulus  BARK 
 
The main objective of this work is to study the supercritical fluid extraction of E. globulus 
deciduous bark with CO2 with particular emphasis on the global yields and on the individual 
extraction yields of the triterpenic acids of interest, whether acetylated or not.  
  








Experiments were performed at three different temperatures (40, 50 and 60 ºC) and pressures 
(100, 140 and 200 bar) at constant CO2 mass flow rate (6 g min-1) during 6 h. In Table 3.6 the 
results of the nine runs carried out in terms of extracted amounts by families and global yield 
(mg of solutes per 100 mg of bark) are shown. The labels of the nine runs correspond to the 
operating conditions identified in Table 3.1.  
 
The global yields vary from 0.04 % to 0.77 % (see Table 3.6) when experimental conditions 
change from 60 ºC/100 bar to 60 ºC/200 bar, respectively. Such results can be explained by 
the dependence of the solvent power of CO2 upon pressure and temperature. By increasing 
pressure, density increases and increments solubility, as   values in Table 3.3 and Eq. (1) 
show. The temperature may impart an opposite effect, due to its positive influence upon solute 
vapor pressure and negative impact on CO2 density. 
 
Table 3.6 − Global and individual (per family of compounds) supercritical extraction yields of 
E. globulus deciduous bark. (Exp. conditions in Table 3.1). 
Run 
Extracted amounts by family (mg/kgbark) Global 
Yield * 
(%) 
FA LCAA ST TT total Others NI ND 
3.1 532.8 448.3 236.8 978.3 81.8 133.9 269.2 0.27 
3.2 240.6 296.4 245.7 1603.4 130.4 53.2 1771.8 0.43 
3.3 568.5 375.4 237.5 2369.9 35.9 289.0 1868.5 0.57 
3.4 189.1 131.1 46.6 215.6 68.1 79.4 187.9 0.09 
3.5 268.7 314.0 275.8 1682.4 298.2 416.5 876.2 0.41 
3.6 425.2 341.1 272.8 2827.1 95.2 231.5 1101.6 0.53 
3.7 51.2 32.8 10.5 68.3 1.3 31.5 191.6 0.04 
3.8 352.3 386.3 233.6 1015.3 210.1 159.2 270.1 0.26 
3.9 603.3 579.6 334.8 2394.9 147.1 427.7 3223.5 0.77 
Soxhlet† 514.9 936.7 557.0 7634.6 325.7 - 3165.3 1.31 
FA – Fatty acids; LCAA – Long chain aliphatic alcohols; TT total – Total triterpenoids; NI – 
Nonidentified compounds; ND – Compounds not detected by GC-MS. * yield in mg of solutes 
per 100 mg of bark. †Taken from Table 3.2. 
 
 
In order to detach the effects of the pressure and temperature upon the extraction yield, a 
tridimensional representation of the global yields as function of pressure and temperature is 
shown in Figure 3.4. It can be observed that, at constant temperature, the overall yield always 
increases with increasing pressure due to the solvent power behavior of CO2 just described. It is 
noteworthy that at 100 and 140 bar an increase in temperature leads to a slight reduction of the 
extracted amounts. This fact may be essentially attributed to the higher sensitivity of CO2 
density to temperature in that range of pressures, which may be observed in Table 3.3. On the 
other hand, the increase of temperature at 200 bar does not imply the same trend, since a 
significant yield increase was reached at 60 ºC. This is an example of a situation where the effect 
  









of temperature is less direct, since it is the result of a balance between solute vapor pressure and 
CO2 density (and so, solute fugacity coefficient).  
 
In what concerns the impact of pressure in the extraction yields at 40 ºC, the results reveal an 
increase of 115 % from 100 bar to 200 bar. For the extractions carried out at 60 ºC, the 




Figure 3.4 − Global yield of SFE of 
Eucalyptus globulus deciduous bark at different 
temperatures and pressures. (Data from 
Table 3.5 and exp. conditions in Table 3.1). 
 Figure 3.5 − Supercritical fluid extraction 
yields of TTA (mg / kg of bark) obtained at 
different conditions. 
 
Once our target compounds are the triterpenic acids, their mass fractions in the extracts are 
individually listed in Table 3.7. The most abundant TTA in the nine extracts are betulonic, 3-
acetyloleanolic and 3-acetylursolic acids. One particular evidence is that though the free TTA 
content is higher in the deciduous bark (see Table 3.2), their presence in the supercritical 
extracts was lower than their acetylated forms in all runs. Moreover at 100 bar and 40 ºC (Run 
3.1) three of the free TTA were not even extracted, namely oleanoic, betulinic and ursolic 
acids, which is due to their different polarity in comparison to the remaining triterpenoids.  
 
Moreover, it can be seen from Table 3.7 that the 3-acetylursolic acid is the molecule with the 
highest mass fraction in all extracts, reaching 21.3 % in Run 3.6 (50 ºC/200 bar). Once it can 
be easily hydrolyzed to ursolic acid, the potential content of the latter can amount up to 22.0 % 
prior to any purification steps. Nonetheless, the highest yield obtained (60 ºC/ 200 bar, 0.77 
%; Table 3.6) is only 59 % of that achieved by dichloromethane Soxhlet extraction, which 













Table 3.7 − Concentrations (wt.%) of the major triterpenic acids obtained in the supercritical 
extracts of Eucalyptus globulus deciduous bark (Exp. conditions in Table 3.1). 
Run 
Mass fraction in extract (g/100 g of extract) 
Betulonic Oleanolic Betulinic Ursolic 3-Acetyloleanolic 3-acetylursolic 
3.1 2.5 0.0 0.0 0.0 2.7 11.0 
3.2 4.6 1.0 0.9 0.4 3.9 11.4 
3.3 2.8 2.2 1.4 0.6 5.4 19.8 
3.4 1.1 0.5 0.3 0.5 0.9 2.2 
3.5 5.0 0.8 0.9 0.2 3.4 11.1 
3.6 3.1 2.4 1.5 0.7 5.8 21.3 
3.7 2.1 0.9 1.1 0.5 1.5 5.7 
3.8 3.3 0.6 0.4 0.3 3.0 9.5 
3.9 3.5 1.1 1.2 0.6 2.5 11.0 
 
Considering our interest on the extractable TTA of E. globulus bark, the information concerning 
the overall extraction yields in Figure 3.4 should be combined with Figure 3.5 where their 
individual yields are plotted. Their removal in the low density region is particularly negligible 
and corroborates the small global yields given in Table 3.6, which means the extraction is not 
effective even to remove undesired compounds from the bark matrix. In turn, at higher 
pressures the overall yield increases and so does the amount of this family of compounds in the 
extract, a behavior that is in accordance not only with the increasing solvent power of the 
supercritical CO2, approximately denoted by Hildebrand solubility parameter, but also with the 
increasing solubility ratios of the three key triterpenic acids presented in Table 3.5 and 
discussed in previous section. At this point one should recall that many solubility ratios reach 
scores of dozens and hundreds due to pressure increments. 
 
Although the highest global yield was obtained at 200 bar and 60 ºC (Run 3.9, 0.77 %), the 
most enriched extract in terms of TTA corresponds to Run 3.6 (200 bar / 50 ºC). Figure 3.5 
points out that, as predicted, at higher pressure the triterpenic acids were extracted in higher 
quantities. Hence, despite the overall yield of Run 3.9 is nearly 45.3 % higher than that of Run 
3.6, the corresponding improvement on TTA yield of the latter over the former reaches 74.9 
%.  
 
In Figure 3.6, the yields of the free and acetylated TTA are graphed simultaneously against 
pressure and temperature. The graph reveals that the main differences between the nine 
extracts are mostly due to the quantities of the acetylated molecules rather than to the free 
ones. This fact can be explained by the higher polarity of free acids in relation to their acetylated 
forms, particularly if one takes into account their abundances in the bark. In fact, ursolic acid 
represents 16.87 wt.% of Soxhlet extract and 3-acetylursolic acid accounts for 13.27 wt.% (see 
Table 3.2), notwithstanding their contribution is changed in the final supercritical extracts (i.e., 
Table 3.7 and Figure 3.6).  
  









From Figure 3.3 it is possible to justify the trends found in Figure 3.6. The limiting diluted mass 
flux ratios  iN  of 3-acetylursolic acid are always superior to those of ursolic acid, which 
means that under isothermal conditions the increasing pressure favors the acetylated form 
preferentially. This prediction reasoning corroborates the trend of the TTA yields patent in 
Figure 3.6 at fixed temperature.  
 
Figure 3.6 − Supercritical fluid extraction yields (mg / kg of bark) of free (filled dots) and 





In this work the supercritical fluid extraction of Eucalyptus globulus deciduous bark using carbon 
dioxide at 40, 50 and 60 ºC, and 100, 140 and 200 bar has been accomplished. The effect of the 
operating conditions upon the global extraction yields and on the individual yields of triterpenic 
acids has been analyzed and these results compared with conventional solvent extraction values. 
 
Summarily, the global yields ranged from 0.04 to 0.77 wt.%, and the ursolic and 3-
acetylursolic acids were the triterpenoids found most abundantly. In the region of low densities, 
most triterpenic acids have been weakly extracted. An important observation was that the 
acetylated TTA contribution imparted a large effect upon the extraction yields, as they appeared 
in large concentrations on the extracts independently of their absolute loadings in the bark. In 
the whole, the best operating conditions to maximize the extraction of triterpenic acids were 
200 bar and 40 or 50 ºC. 
 
The experimental results are in agreement with predictions accomplished for the solubilities and 
mass transfer fluxes of ursolic and 3-acetylursolic acids that were chosen as key triterpenic acids 
in the process. 
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4 EXPERIMENTAL OPTIMIZATION 
 
The material presented in this chapter belong to three distinct publications of the author [1-3].While the 
introductory remarks come from non-presented sections of the comprehensive review [1] already reported in 
Chapter 2, the results and discussion section was built from articles comprising the SFE optimization of 
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he accurate phenomenological modeling of processes involving natural biomass is 
complex and many times impossible to achieve because of the lack of necessary 
subsidiary data. A trend has been identified since 2000, involving the greater presence 
of statistical modeling such as design of experiments (DoE) in published articles. The DoE refers 
to statistical strategies that allow more precise and complete information to be obtained from an 
experimentally studied phenomenon with minimal number of assays and lowest material costs 
[4]. It is thus an efficient method that provides instructive data with minimum resources as 
counterpart. 
 
A clear-cut picture regarding the use of DoE in SFE works is shown in Figure 4.1. Roughly one 
in five works from our database (547 publications) comprise design of experiments and two 
thirds of these involve response surface methodology (RSM). In terms of experimental designs 
types, there is a balance between Box-Behnken (BBD), Central Composite (CCD), Full 
Factorial and Fractional Factorial Designs, with a slight dominance of Box-Behnken and Central 
Composite, with 28 % and 26 %, respectively. Concerning the variables to be studied by these 
techniques, it was with no surprise that results showed pressure and temperature to have been 
chosen in 94 % and 92 % of the works, respectively. The third most chosen factor is time, 
which was present in 42 % of the works. Modifier concentration ( ), particle diameter (
) and flow rate ( ) follow the latter with 20 %, 15 % and 13 %, respectively.  
 
In Table 4.1 a selection of SFE works in which DoE was employed is listed. Notwithstanding 
the general use of the six variables mentioned above, works typically comprise designs with 
three factors having pressure and temperature as the commonest variables. Concerning the 
levels of variation, the majority of works applied three degrees of variation for factors, though 
two and four levels were also found. The number of factors and levels has a direct implication in 
the number of experiments and at the end plays a role in the DoE typology adopted. 
 
With respect to DoE typologies, orthogonal tests (OT) enable factors assessment to be dealt 
independently despite having a common (dependent) test of significance [5].  They were initially 
developed to make DoE more applicable by reducing the number of experiments that full 
factorial designs require [6]. OT designs are prone to be saturated since the degrees of freedom 
for all effects are typically equal or close to the number of unique factor-level combinations 
included in the experiments [7]. In this sense, they allow the maximum number of factor-levels 
to be tested within the smallest setting of experiments. Application of orthogonal tests may be 
found in the works of Liu et al. with emblica [8], Xie et al. with Patrinia villosa [9], and Cao and 























Figure 4.1 – Trends on the use of design of experiments (DoE) and response surface 














Table 4.1 – SFE publications employing design of experiments (DoE) or response surface methodology (RSM) in the period 2000-2013. 
 
Matrix Variables Factors Levels Runs Features Ref. 
Alkanna tinctoria 𝑃 𝑇 𝑄 - 3 3 15 RSM, Box-Behnken [11] 
Allium cepa 𝑃 𝑇 𝑡 - 3 3 17 RSM, Box-Behnken [12] 
Allium sativum t 𝑇 Solvent  to 
sample ratio 
Extractions number 4 3 27 RSM, Box-Behnken [13] 
Aloe vera 𝑃 𝑇  𝑄 4 3 9 Orthogonal array [14] 
Alpinia oxyphylla 𝑃 𝑇 𝑡 - 3 3 15 RSM, Box-Behnken [15] 
Amaranthus paniculatus 𝑃 𝑇 𝑡 𝑑p, w 5 2 67 Full Factorial [16] 
Angelica dahurica 𝑃 𝑇 𝑄  4 3 8 Orthogonal array [17] 
Anoectochilus roxburghii 𝑃 𝑇  - 3 3 9 Orthogonal array [18] 
Arbutus unedo  𝑃 𝑇 . - 3 3 17 RSM, Box-Behnken [19] 
Artemisia annua 𝑃 𝑇 𝑄 - 3 2 8 Full Factorial [20] 
Artemisia capillaris 𝑃 Modifier 
Conc. 
- - 2 3 13 RSM, Central composite [21] 
Artemisia sieberi 𝑃 𝑇 𝑡  4 3 9 Orthogonal array [22] 
Atractylode lancea 𝑃 𝑇 𝑡 𝑄 3 4 9 Orthogonal array [23] 
Brassica napus 𝑃 𝑇 𝑡 - 3 3 17 RSM, Box-Behnken [24] 
Bupleurum falcatum 𝑃 𝑇 𝑡  4 3 9 Orthogonal array [25] 
Cajanus cajan 𝑃 𝑇 𝑡 - 3 5 20 RSM, Central composite [26] 
Camellia sinensis  𝑃 𝑇 𝑡 - 3 3 20 RSM, Central composite [27] 
Camellia sinensis 𝑃 𝑇 𝑡 , 
Ultrasonic Power 
5 4 16 Orthogonal array [28] 
Cannabis sativa 𝑃 𝑇 𝑑p - 3 3 15 RSM, Box-Behnken [29] 
Capsicum frutescens 𝑃 vsuperficial - - 2 3 12 Central composite 
RSM, Central composite 
[30] 



















Table 4.1 – SFE publications employing design of experiments (DoE) or response surface methodology (RSM) in the period 2000-2013 (cont.) 
Catharanthus roseus 𝑃 𝑇 𝑡  4 2 19 RSM, Fractional Factorial [32] 
Ceratonia síliqua 𝑃 𝑇  𝑑𝑝 4 3 18 RSM, Central composite [33] 
Citrullus lanatus 𝑃 𝑇 𝑄 - 3 3 20 RSM, Central composite [34] 
Citrus grandis 𝑃 𝑇 𝑡 - 3 3 17 RSM, Box-Behnken [35] 
Citrus paradisi 𝑃 𝑇 𝑡 - 3 3 15 RSM, Box-Behnken [36] 
Citrus unshiu 𝑃 𝑡  - 3 3 15 RSM, Box-Behnken [37] 
Coffea Arabica 𝑃 𝑇 - - 2 4 16 Full Factorial [38] 
Coffea spp. 𝑃 𝑇  - 3 3 15 RSM, Box-Behnken [2] 
Corylus avellana 𝑃 𝑇 𝑄 - 3 3 15 RSM, Box-Behnken [39] 
Corylus avellana 𝑃 𝑇 vsuperficial - 3 3 13 RSM, Fractional Factorial [40] 
Cratoxylum prunifolium 𝑃 𝑇  - 3 3 9 Orthogonal array [41] 
Cucurbita maxima 𝑃 𝑇 𝑡 - 3 5 16 RSM, Central composite [42] 
Curcuma longa 𝑃 𝑇 𝑄 - 3 3 13 RSM, Box-Behnken [43] 
Curcurbita moschata 𝑃 𝑇 - - 2 3 9 RSM, Central composite [44] 
Cydonia oblonga 𝑃 𝑇 Dynamic t Static t, 
Modifier Conc. 
5 3 35 RSM, Central composite [45] 
Cynanchum paniculatum  𝑃 𝑇 𝑡 𝑑p 3 4 9 Orthogonal array [46] 
Diplotaenia cachrydifolia 𝑃 𝑇  - 3 3 15 RSM, Box-Behnken [47] 
Elaes guineensis 𝑃 𝑇 𝑡 - 3 3 20 RSM, Central composite [48] 
Erythroxylum coca var. coca 𝑃 𝑇  Modifiers Ratio 4 3 33 RSM, Central composite [49] 
Eucalyptus globulus Q 𝑇  - 3 2 11 RSM, Full factorial [50] 
Eucalyptus globulus 𝑃 𝑇  - 3 3 27 RSM, Full factorial [51] 
Eugenia caryophyllata 𝑃 𝑇 𝑑p - 3 3 9 Orthogonal array [52] 
Fructus Psoraleae 𝑃 𝑇 𝑑p - 3 3 9 Orthogonal array [53] 
Garcinia mangostana 𝑃 𝑇 𝑡 - 3 3 15 RSM, Box-Behnken [54] 






















Table 4.1 – SFE publications employing design of experiments (DoE) or response surface methodology (RSM) in the period 2000-2013 (cont.) 
Glycine variety 𝑃 𝑇 𝑡 - 3 3 17 RSM, Box-Behnken [56] 
Gossypium varitety 𝑃 𝑇 𝑡 - 3 3 15 RSM, Central composite [57] 
Helianthus annuus 𝑃 𝑇 Dryness - 2 3 8 Full Factorial [58] 
Hippophae rhamnoides 𝑃 𝑇 𝑡 - 3 3 17 RSM, Box-Behnken [59] 
Hippophae rhamnoids 𝑃 𝑇 𝑡 - 3 3 17 RSM, Box-Behnken [60] 
Hyssopus officinalis 𝑃 𝑇 Dynamic 𝑡 Static 𝑡 4 4 25 Orthogonal array [61] 
Illicium verum 𝑃 𝑇  - 3 3 17 RSM, Box-Behnken [62] 
Jatropha curcas 𝑃 𝑇 Modifier/solid - 3 1/3 8 RSM, Fractional Factorial [63] 
Lavandula angustifolia 𝑃 𝑇 𝑡 - 3 3 15 RSM, Box-Behnken [64] 
Lavandula angustifolia 𝑃 𝑇 𝑡 - 3 2 18 RSM, Central composite [65] 
Lavandula hybrida 𝑃 𝑇 𝑡 𝑄 4 3 31 RSM, Central composite [66] 
Lepidium apetalum 𝑃 𝑇 T 𝑄 4 3-4 30 RSM, Central composite [67] 
Linum usitatissimum 𝑃 𝑇 𝑄 - 3 3 15 RSM, Box-Behnken [68] 
Linum usitatissimum 𝑃 𝑇   3 3 17 RSM, Box-Behnken [69] 
Linum usitatissimum 𝑃 𝑇 𝑄 - 3 5 18 RSM, Central composite [70] 
Maydis stigma 𝑃 𝑇  - 3 3 17 RSM, Box-Behnken [71] 
Mentha spicata 𝑃 𝑇 𝑑𝑝 𝑄 5 4 16 Taguchi method [72] 
Mentha spicata 𝑃 𝑇 𝑄 - 3 3 20 RSM, Central composite [73] 
Microula sikkimensis 𝑃 𝑇 𝑡 𝑄 4 3 9 Orthogonal array [74] 
Momordica charantia  𝑃 𝑇 𝑡 - 3 3 15 RSM, Box-Behnken [75] 
Moringa oleifera 𝑃 𝑇 𝑑p - 3 3 20 RSM, Central composite [76] 
Myrtus communis  𝑃 𝑇  - 3 3 16 RSM, Central composite [77] 
Nepeta pérsica 𝑃 𝑇 Dynamic 𝑡 Static 𝑡 4 5 25 Taguchi method [78] 




















Table 4.1 – SFE publications employing design of experiments (DoE) or response surface methodology (RSM) in the period 2000-2013 (cont.) 
Nigella sativa 𝑃 𝑇 𝑡 - 3 3 27 Full factorial [80] 
Olea europaea 𝑃 𝑇 𝑡 𝑑p 4 3 26 Orthogonal array [81] 
Olea europaea  𝑃 𝑇 𝑡 𝑑p 4 2 18 RSM, Full Factorial [82] 
Olea europaea  𝑃 𝑇 𝑄 - 3 3 15 Box-Behnken [83] 
Ophiopogon japonicas 𝑃 𝑇 𝑡  4 3 9 RSM, Orthogonal array [84] 
Opuntia dillenii 𝑃 𝑇 𝑡 - 3 4 16 RSM, Orthogonal array [85] 
Origanum majorana 𝑃 𝑇 - - 2 3 11 RSM, Full Factorial [86] 
Origanum munituflorum 𝑃 T col bot Tcol top Packing, 
 
5 2 8 RSM, Fractional Factorial [87] 
Patrinia villosa Juss 𝑃 𝑇 𝑡  3 4 9 Orthogonal array [9] 
Phyllanthus emblica 𝑃 𝑇 𝑡  4 3 9 Orthogonal array [8] 
Pistacia vera 𝑃 Packing  - 3 2/4 26 RSM, Fractional Factorial [88] 
Prunus armeniaca  𝑃 𝑇 𝑄  4 3 27 RSM, Box-Behnken [89] 
Prunus armeniaca 𝑃 𝑇  - 3 5 20 Fractional Factorial [90] 
Prunus avium 𝑃 𝑇 vsuperficial - 3 3 13 RSM, Fractional Factorial [91] 
Prunus cerasus 𝑃 𝑇 𝑡 Solid/Solvent ratio 4 3 27 RSM, Box-Behnken [92] 
Pueraria lobata 𝑃 𝑇  - 3 3 17 RSM, Box-Behnken [93] 
Punica granatum 𝑃 𝑇 𝑄 - 3 5 17 RSM, Central composite [94] 
Rosa Rubiginosa 𝑃 𝑇 𝑡 - 3 3 13 RSM, Fractional Factorial [95] 
Salvia miltiorrhiza 𝑃 𝑇 𝑡 𝑄 4 3 9 Orthogonal array [96] 
Satureja hortensis 𝑃 𝑇 𝑡  4 3 10 Fractional factorial [97] 
Satureja hortensis 𝑃 𝑇   3 3 15 RSM, Box-Behnken [97] 
Scutellaria baicalensis 𝑃 𝑇 𝑡 Modifier 4 3 9 Orthogonal array [98] 
Solanum lycopersicum  𝑃 𝑇 𝑄 - 3 3 17 RSM, Box-Behnken [99] 























Table 4.1 – SFE publications employing design of experiments (DoE) or response surface methodology (RSM) in the period 2000-2013 
(conclusion) 
Solanum lycopersicum 𝑃 𝑇 - - 2 3 9 RSM, Full Factorial [101] 
Solanum lycopersicum 𝑃 𝑇 𝑡 - 2 3 17 RSM, Central composite [102] 
Sophora flavescens 𝑃 𝑇 𝑄  4 3 9 Orthogonal array [103] 
Stevia rebaudiana 𝑃 𝑇 Modifier - 3 3 15 RSM, Box-Behnken [104] 
Taraxacum officinale  𝑃 𝑇 - - 2 3 11 RSM, Full Factorial [105] 
Thymbra spicata 𝑃 𝑇 𝑡 - 3 3 15 RSM, Box-Behnken [106] 
Thymus zygis  subsp. 
Sylvestris 
𝑃 𝑇 𝑡 - 3 3 13 RSM, Fractional Factorial [107] 
Tribulus terrestres 𝑃 𝑇 𝑡 𝑄 4 5 31 RSM, Central composite [108] 
Trigonella foenum-
graecum 
𝑃 𝑇 𝑡 - 3 5 20 RSM, Central composite [109] 
Triticum spp. 𝑃 𝑇 𝑡 - 3 5 23 RSM, Central composite [110] 
Vetiveria zizanioides 𝑃 𝑇 𝑡 - 3 5 19 RSM, Central composite [111] 
Vetiveria zizanioides 𝑃 𝑇  - 3 3 17 RSM, Central composite [112] 
Vitex agnus castus 𝑃 𝑇 - - 2 3 11 Full Factorial [113] 
Vitis labrusca 𝑃 𝑇  - 3 4 16 Orthogonal array [114] 
Vitis vinifera  𝑃 𝑇 𝑑p - 3 2/3 9 Orthogonal array [10] 
Vitis vinifera 𝜌 𝑇 Dynamic 𝑡 Static 𝑡 
𝑄, Modifier, 
,𝑇restrictor, 
𝑇trap, Solvent in trap 
𝑉trap, Packing 
12 2 32 Fractional factorial [115] 
Xanthoceras sorbifolia 𝑃 𝑇 𝑡 - 2 3 20 RSM, Central composite [116] 
Zingiber corallinum 𝑃 𝑇 𝑡  4 4 16 Orthogonal array [117] 

















Central composite designs require at least five levels for each factor, which may be useful to 
confirm quadratic influences on the response, nevertheless they imply more trials to be carried 
out [119]. One strong advantage of CCD option is ensuring uniformity of precision within the 
experimental space, rather than in the central region of the response. This feature ensures 
protection against bias [120]. Examples of CCD employment in SFE works are provided by 
Danh et al. with vetiver (Vetiveria zizanioides L.) [111], Kassama et al. with tomato skin 
(Solanum lycopersicum L.) [100], and Mitra et al. with pumpkin seed (Cucurbita maxima) [42]. 
 
Box-Behnken may be preferable to CCD for two reasons: factors need only be varied over 
three levels and fewer runs are required [119]. The drawbacks of this design are essentially 
two: quadratic influences adequacy are not checked, and the variance of the response is 
assumed to be the same as center points variance [119], which is a pertinent issue when the 
conclusions focus on peripheral areas of experimental space rather than on middle. Table 4.1 
presents several works using BBD, as the cases of SFE of flaxseed (Linum usitatissimum) from 
Özkal [68], olive (Olea europaea L.) pomace from Stavroulias and Panayiotou [83], spent coffee 
grounds from Barbosa et al. [2] or Thymbra spicata carried out by Sonsuzer et al. [106].  
 
DoE arises frequently as part of Response Surface Methodology (RSM), since the latter 
comprises a package of statistical design and analysis tools implemented to determine how a 
response is affected by a set of quantitative variables in a specified region [119]. RSM typically 
involves the fitting of polynomial functions with linear and quadratic terms that have 
resemblance with the effects and interactions given by the DoE.  The difference is that while 
DoE provides insights on positive and negative influence of each effect or interaction under 
study, RSM combines all effects according to their statistical significance and provide models 
(based only on the significant terms) that represent the experimental results within the 
experimental conditions ranges covered by the regression. In addition, this method provides 
useful 2D and 3D graphical means to visualize the behavior of the responses and to move easily 
interpret the results. 
 
The aforesaid methods are worthwhile to optimize the operating conditions of processes 
towards the identification of maxima and minima in responses [120]. Being an experimental 
optimization technique, RSM sometimes allows a maximum or a minimum to be found in the 
margins of the variable values boundaries. In these cases further studies are required to 
optimize the response. Examples of this happening may be consulted in the works of de Lucas 
et al. [121] with olive (Olea europaea L.) husk oil or Özkal et. el [68] with flaxseed (Linum 
usitatissimum) oil. Nonetheless one should remember that apparatus limitations many times 
delimit the range of study for the chosen factors, specifically in the case of pressure. From the 
matrices point of view, temperature variations are many times hindered in the upper values in 
order to avoid the undesired thermal degradation of solutes. Figure 4.2 presents two cases 
where RSM results identified an inner set of optimized conditions (2A and 2B) and two cases 
  
 









where further optimization would be necessary to reach and confirm an optimum zone (2C 
and 2D). Other works comprising RSM are compiled in Table 4.1. 
 
To conclude, one may recall the extensive review of Franceschini and Macchietto on the state 
of the art of model-based design of experiments [122], where the authors stressed the 
importance of scientific community to keep fostering the use of DoE so it becomes a standard 
tool for experimentalists and industrial applications. While this message applies naturally to 
SFE, the thirteen years from 2000 year plainly confirm advances on this trend. 
 
Figure 4.2 – Examples of RSM for the SFE yields of different species. A) flavonoid from SFE 
of Pueraria lobata [93] ; B) cajaninstilbene acid from pigeonpea (Cajanus cajan) [26]; C) oil from 
flaxseed (Linum usitatissimum) [68]; D) essential oil from vetiver (Vetiveria zizanioides L.) [111].  
 
* * * 
 
Accordingly, the experimental and modeling work hereafter presented can be systematized in 
two different studies of this thesis, as follows: 
 
Coffea spp. study – The work aims at the optimization of operating conditions of the 
supercritical fluid extraction of spent coffee grounds (SCG) using pure or modified CO2, with 
particular emphasis on oil enrichment with diterpenes like kahweol, cafestol and 16-O-
  
 









methylcafestol. The analysis comprises the application of Box-Behnken design of experiments 
and response surface methodology, and involved three operating variables: pressure (140-190 
bar), temperature (40-70 ºC) and cosolvent (ethanol) addition (0-5 wt.%). 
 
Eichhornia crassipes study – The supercritical extraction of stalks and leaves of Eichhornia 
crassipes was carried out using pure and modified carbon dioxide. Preliminary results evidenced 
that the influence of temperature is weaker than pressure and ethanol content, and thus a 
design of experiments was performed in the ranges of 200-300 bar and 0.0-5.0 wt.% ethanol. 
 
Espresso spent coffee grounds (SCG) were obtained from a commercial batch of Delta Cafés 
Platina (Portugal) at the Department of Chemistry of University of Aveiro. The SCG samples 
were dried according to the ISO/DIS 11294-1993, following the method of oven drying at 
105 °C for 8 h [123].  
 
E. crassipes samples were obtained at Pateira de Fermentelos (40º 34’ 31’’ N, 8º 30’ 57’’ W), 
Aveiro, Portugal. The desired raw material, namely leaves and stalks, was separated from the 
remaining biomass and was initially air dried to remove the majority of the moisture. A 
mixture of these two morphological parts was produced under a known ratio comprising 65 
wt.% of leaves and 35 wt.% of stalks, which is representative of the mass fraction proportions 
found naturally for this plant.  Subsequently, the samples were submitted to a drying stage in a 
ventilated oven at 35 ºC. The dried samples were then ground and further dried until no mass 
difference was achieved in order to quantify the biomass natural moisture. 
 
 
Individual standards of kahweol, cafestol and 16–O–methylcafestol were purchased from LKT 
Laboratories Inc. All other reagents used were of analytical grade or higher available purity. 
Carbon dioxide was supplied with a purity of 99.95 % from Praxair or Air Liquide (Porto, 
Portugal). 
 
Dichloromethane (99.99 %) was supplied by Fisher Scientific. Pyridine (99.8 %), 
hexadecanoic acid (99.9 %), nonadecan-1-ol (99 %), 5-cholesten-3β-ol (99 %) were supplied 
by Sigma-Aldrich. Trimethylsilyl chloride (99 %), tetracosane (99 %), hydrochloric acid (37 




4.2 MATERIALS AND METHODS 














Coffea spp. study - A sample of 45 g of SCG was loaded in a Soxhlet cartridge and extracted 
with n-hexane for 4 hours and 80 ºC. At the end of extraction the solvent was recovered by 
rotary evaporation at 40 ºC and the resulting oil was weighed. The results were expressed in 
mass percentage of dry residue and were used as reference for the supercritical fluid 
extractions. The extraction yield (𝜂total) is expressed in weight percentage as the quantity of 
oil (wSCG oil) obtained from SCG (wSCG): 





Eichhornia crassipes study – Soxhlet extractions with dichloromethane were performed in 
duplicate in order to establish a reference composition for the supercritical fluid extractions. 
Samples of approximately 16.6 g were placed in the Soxhlet cartridge and were submitted to a 
6 hours extraction, after which the solvent was evaporated to dryness. The total sterols yield 














where 𝒘𝐞𝐱𝐭𝐫𝐚𝐜𝐭 is the mass of extract, 𝒘𝐒𝐭𝐞𝐫𝐨𝐥𝐬 is the mass of total sterols extracted, 𝒘𝐢 is the 
mass of an individual extracted compound, and 𝒘𝐛𝐢𝐨𝐦𝐚𝐬𝐬 is the mass of the dried biomass 




Coffea spp. study - Supercritical fluid extractions were performed in an apparatus developed 
at Department of Chemistry of University of Aveiro. The scheme of process can be visualized 
on the publications of Passos et al. [124-125], together with the corresponding full description 
of the set up. Concisely, the CO2 withdrawn from a container is primarily liquefied in a 
refrigerated bath and then pressurized by an air driven liquid pump to a high-pressure vessel. 
The solvent is brought to the extraction temperature by means of a long tubing coil placed 
inside the oven and the pressure is fixed in a forward pressure regulator. After percolating the 
seed bed, the extract stream passes through micrometering valves. The valves and the 
adjoining line are heated to prevent blocking up due to oil and CO2 freezing, enabling the safe 
collection of extract in a separator.  
4.2.3 SOXHLET EXTRACTION 
4.2.4 SUPERCRITICAL FLUID EXTRACTION 
  
 










In each run 60 g of SCG were introduced in the extraction vessel and a constant CO2 mass 
flow rate of 12 g min-1 was applied. Extracts were collected in a recovery vessel with ethanol, 
where the effluent stream is submerged after extraction to avoid the loss of compounds. At the 
end of experiments, the ethanol of the recovery vessel was evaporated in a rotary evaporator. 
The results were expressed in weight percentage of dry biomass by Eq. (1). 
 
Eichhornia crassipes study – The SFE assays were accomplished in the same apparatus 
depicted in the Chapter 3 (see Section 3.2.3) and using the same method. In each run, an 




Coffea spp. study - Extracts were analysed in a HPLC equipment with a UV detector 
(Gilson) and a reverse-phase column (Spherisorb S10 ODS2 (C18), 25 cm × 4.6 mm). The 
mobile phase was a mixture of methanol/water (85:15, v/v) using a flow rate of 0.7 mL min -1 
and detection wavelength of 220 nm, in agreement with the setting reported by Amorim et al. 
[126]. 
  
The total diterpenes content was determined by HPLC after saponification with 
KOH/ethanol, using diethyl ether for the solvent extraction of a 40 mg sample. Two 
additional washing steps with water were added to the procedure reported by Rafael et al. 
[127]. The identity of individual diterpenes was ensured by comparing their retention times 
with authentic standards. The quantification was made using external calibration curves of 
concentration vs. peak areas, whose coefficients of determination were higher than 0.99. 
 
Eichhornia crassipes study – Beforehand the GC-MS analysis, approximately 20 mg of each 
extracted sample were converted into its trimethylsilyl counterpart [128-129]. The procedure 
that was applied is as follows. Each dried sample was dissolved in 250 μL of pyridine 
containing 1 mg of tetracosane. The addition of 250 μL of N,O-
bis(trimethylsilyl)trifluoroacetamide and 50 μL of trimethylsilyl chloride promotes the 
conversion of compounds with hydroxyl and carboxyl groups to trimethylsilyl (TMS) ethers 
and esters, respectively. This mixture was then maintained at 70 ºC for 30 minutes its 
trimethylsilyl counterpart [128-129]. Finally, each extract was analyzed in duplicate with 
tetracosane as internal standard.  
 
The analytical equipment used was a Trace Gas Chromatograph 2000 Series equipped with a 
Finnigan Trace MS mass spectrometer, using helium as carrier gas (35 cm s−1), equipped with 
a DB-1 J&W capillary column (30 m × 0.32 mm i.d., 0.25 μm film thickness) and coupled 
4.2.5 EXTRACTS CHARACTERIZATION 
  
 









with an auto-sampler. The chromatographic conditions were as follows: initial temperature: 
80 ºC for 5 min; heating rate: 4 ºC min−1; final temperature: 285 ºC for 10 min; injector 
temperature: 250 ºC; transfer-line temperature: 290 ºC; split ratio: 1:50. The MS was 
operated in the electron impact mode with electron impact energy of 70 eV and data collected 
at a rate of 1 scan s−1 over a range of m/z of 33–750. The ion source was maintained at 250 
ºC. 
 
For the quantitative analysis, the instrument was calibrated with a pure reference compound 
representative of the family of compounds desired to quantify (β-sitosterol), relative to the 
internal standard. The response factor necessary to obtain the correct quantification of peak 










where 𝑋k is the codified value of the independent variable 𝑥k, 𝑥0 is its real value at the central 
point, and ∆𝑥k is its step change.  
 
Experimental results submitted to RSM analysis are usually well described by a second order 
polynomial function:  
𝑌 =  𝛽0 + ∑ 𝛽i
k
i=1








where 𝑌 is the studied response (whether 𝜂total,  𝐶dit, etc), 𝛽0 is a constant, 𝛽i are model 
coefficients linked to linear effects, 𝛽ii are coefficients related to quadratic effects, and 𝛽ij are 
coefficients for interaction effects. 
 
Coffea spp. study – In this work, the influence of three factors was studied, namely pressure 
(P), temperature (T), and ethanol concentration in the supercritical solvent (EtOH wt.%) 
using three different levels: 140-165-190 bar, 40-50-70 ºC and 0-2.5-5.0 (wt.%), respectively 
(see Table 4.2). For this a Box–Behnken design (BBD) comprising fifteen experiments was 
chosen to study total extraction yield and diterpenes concentration in extracts (𝐶dit). In order 
to block the incidence of unknown and uncontrolled effects upon results (nuisance factor), 
randomization of experiments was accomplished.  
 













Table 4.2 – Codification and levels of the three independent variables considered for Box–
Behnken design of the Coffea spp. study. 
Factor 
Factor index  
(i) in Eq.(6) 
Level correspondence 
Low (-1) Medium (0) High (+1) 
Pressure 𝑃 1 140 bar 165 bar 190 bar 









STATISTICA software (version 5.1, StatSoft Inc., Tulsa, USA) was used for statistical 
treatment of the results. Analysis of variance (ANOVA) was employed to evaluate the 
statistically significant factors and interactions using Fisher’s test and its associated probability 
p(F), while t-tests were performed to judge the significance of the correlated coefficients in 
each model. The determination coefficients, 𝑅2, and their adjusted values, 𝑅adj
2 , were used to 
evaluate the adequacy of fit of the regression models. The determination coefficient for 
prediction, 𝑅pred
2 , was also employed to have an indication of the predictive aptitude of the 
regression model [130].  
 
Eichhornia crassipes study – In this work the previous methodology (DoE/RSM) was 
applied to 𝜼𝐓𝐨𝐭𝐚𝐥, 𝜼𝐓𝐨𝐭𝐚𝐥𝐒𝐭𝐞𝐫𝐨𝐥𝐬, and 𝜼𝐢 and 𝐶i responses (where 𝑖 refers to stigmasterol, 
cholesterol and β-sitosterol). Apart from the identification of the optima conditions, the 
statistical treatment has also the aim of (I) ranking the significant factors according to their 
respective impact on the response; (II) discard the non-significant contributions of the model; 
and (III) disclose whether each contribution acts towards the increase or decrease of the 
response variable.  
 
A Full Factorial design of nine assays was adopted to study effects caused by two factors, 
pressure and ethanol content as modifier. These were studied with three levels of variation 
each: 200, 250 and 300 bar, and 0, 2.5 and 5.0 wt.%, respectively. Table 4.3 provides a 
summary of the experimental design adopted for the optimization study.  
 
JMP software (version 8.0) was used for statistical treatment of the results. Accordingly, t-


















Table 4.3 – Codification and levels of correspondence of the variables considered in the SFE 
of E. crassipes design of experiments. 
 
 
4.3 RESULTS AND DISCUSSION 
4.3.1 EXPERIMENTAL OPTIMIZATION OF  Coffea spp. 
 
Analysis of experimental results – Table 4.4 shows the experimental results of the Box-
Behnken design assays. The total oil yield (𝜂total) ranged from 1.99 wt.% in Run 4.2 (140 bar, 
70 ºC, 2.5 wt.% EtOH) to 11.97 wt.% in Run 4.8 (190 bar, 55 ºC, 5 wt.% EtOH). 
Concerning total diterpenes concentration in oil (𝐶dit), results ranged from 42.4 mg goil
−1  in 
Run 4.2 (140 bar, 70 ºC, 2.5 wt.% EtOH) to 107.44 4 mg goil
−1   in Run 4.5 (140 bar, 55 ºC, 0 
wt.% EtOH). At first reading, results reveal that Run 4.2 provided both the lowest total yield 
and diterpenes concentration, and also that the maximum total yield (Run 4.8)  was obtained 
at different conditions from those of the maximum diterpenic concentration (Run 4.5). These 
results emphasize the pertinence of the SFE optimization.A noteworthy aspect of the values 
from Table 4.5 is that, despite Soxhlet extraction yield is the highest (15.03 wt.%), all SFE 
runs led to extracts richer in diterpenes with the single exception of Run 4.2. Therefore, this 
anticipates the more selective character of SFE to obtain SCG oils richer in diterpenic 
compounds. 
 
Table 4.4 – Results of SFE of spent coffee grounds samples used in the optimization work: 
total extraction yield (𝜂total, wt.%), and diterpenes concentration in extracts (𝐶dit, mg goil
−1). 
















4.1 140 40 2.5 10.21 27.83 18.98 10.64 57.45 
4.2 140 70 2.5 1.99 14.63 9.21 18.63 42.47 
4.3 190 40 2.5 11.66 25.77 17.66 9.83 53.26 
4.4 190 70 2.5 8.74 30.85 20.61 11.48 62.94 
4.5 140 55 0 4.61 47.56 32.06 27.82 107.44 
4.6 140 55 5 8.79 27.59 18.80 10.13 56.52 
4.7 190 55 0 9.16 27.81 24.40 22.36 74.57 
4.8 190 55 5 11.97 26.45 17.92 9.44 53.81 
4.9 165 40 0 8.98 40.50 29.53 17.56 87.59 
4.10 165 40 5 11.60 24.21 17.31 14.32 55.84 
Factor 
Factor index 
(i) in Eq.(6) Coded variable 
Level of 
correspondence 
-1 0 +1 
Pressure (bar)   1 𝑋P = (𝑃 − 250)/50 200 250 300 
Ethanol content (wt.%) 2 𝑋EtOH = (%EtOH − 2.5)/2.5 0.0 2.5 5.0 
  
 









4.11 165 70 0 1.93 40.00 27.09 27.30 94.39 
4.12 165 70 5 8.94 32.92 23.04 10.80 66.76 
4.13 165 55 2.5 10.62 29.37 20.87 12.18 62.42 
4.14 165 55 2.5 10.52 28.68 20.27 11.12 60.07 
4.15 165 55 2.5 9.97 30.23 22.33 12.32 64.88 
Soxhlet with n-hexane 15.03 29.49 16.67 6.53 52.69 
 
Analysis of statistical modeling results  –  The data from Table 4.5 were then submitted to 
RSM analysis in their coded form (Eqs. (5)) in order to assess individual and crossed 
interactions that influence each response, and to develop models based on the most influencing 
combination of factors. Table 4.6 presents the regression coefficients obtained for both 
responses studied (𝜂total and 𝐶dit), wherein the bold marks highlight the significant coefficients 
at 95 % confidence level. The nonsignificant coefficients (t-test, p > 0.05) were purged from 
the full models (Eq. (6)) and, upon refitting and conversion to real variables (pressure, 
temperature, EtOH content), the reduced and uncodified models given by Eqs. (7) and (8) 
were obtained (see Table 4.6). 
 
With regard to the goodness of fit of the reduced models, oil yield led to a high determination 
coefficient (𝑅2 = 0.974), while diterpenes concentration provided a smaller value, 𝑅2 =
0.875. Moreover the short difference between 𝑅2 and 𝑅adj
2  suggests a proper adequacy of 
reduced models to data. The good prediction capacity of the final models, given by the values 
of 𝑅pred
2  which are very similar to 𝑅adj
2 , is also an appreciable indicator, mainly if one takes into 
account that we are dealing with complex natural residues. 
 
Table 4.5 – Regression coefficients of quadratic models of SFE of Coffea spp., fitted to the 
total extraction yield and total concentration of diterpenes in supercritical extracts. Bold 
values identify significant coefficients at 95 % confidence interval. 
 𝜂total (wt.%) 𝐶dit (mg goil
−1) 
 Regression coefficients   t-test (p < 0.05) Regression coefficients   t-test (p < 0.05) 
𝛽0 10.37 <0.001 62.4567 <0.001 
𝛽1 1.99125 0.003 -2.4138 0.105 
𝛽11 -0.725 0.058 -5.7446 0.044 
𝛽2 -2.60625 0.002 1.5525 0.209 
𝛽22 -1.495 0.015 -2.6821 0.165 
𝛽3 2.0775 0.004 -16.3812 0.003 
𝛽33 -1.0125 0.039 16.3704 0.006 
𝛽12 1.325 0.017 6.165 0.036 
𝛽13 -0.3425 0.189 7.5425 0.024 
𝛽23 1.0975 0.025 1.03 0.482 
 𝑅2
 




0.973  0.714  
  
 









Table 4.6 – Reduced models of SFE of Coffea spp. for total extraction yield (𝜂total, wt.%) and total diterpenes concentration in extracts 
(𝐶dit, mg goil
−1). Units: 𝑇 in ºC, 𝑃 in bar, and EtOH content in wt.%. 
Reduced Model 𝑅2 𝑅adj
2  𝑅pred
2  Eq. 
𝜂total = 20.034651 − 0.114595 𝑃 − 0.121893 𝑇 − 0.01299 EtOH − 0.006395 𝑇
2 − 0.153076EtOH2 + 
0.0035329 𝑃×𝑇 + 0.29237 𝑇×EtOH   
0.974 0.948 0.969 (7) 
𝐶dit  = 51.46213 + 1.718733 𝑃 − 2.68732 𝑇 − 39.726 EtOH − 0.00886 𝑃
2 + 2.652272 EtOH2 + 
0.016424 𝑃×𝑇 + 0.12068 𝑃×EtOH 
0.875 0.806 0.871 (8) 
  
 









Optimization of total extraction yield - Figure 4.3 presents a Pareto chart where all the 
studied factors and interactions are listed and evaluated in terms of their individual impact on 
results. The factors/interactions whose effect bars are shorter than the statistical significance 
boundary line (which delimits the region of statistically significance of p > 0.05) are considered 
non-significant. The color of the bars, white or black, indicate the type of influence brought 
about by each factor/interaction. Concerning 𝜂total, results reveal that the influence of the three 
individual operating variables (𝑃, 𝑇 and EtOH content) are significant, being 𝑇 the most 
important with a negative impact on the 𝜂total response. The other two individual factors (𝑃 and 
EtOH content) exhibit a positive influence on the total extraction yield, as well as the 𝑃×𝑇 and 
𝑇×EtOH  interactions. 
 
The individual P and T factors and their combination (𝑃×𝑇) are physically related to important 
properties such as density, viscosity, diffusivity and solute vapor pressures (the last is only 𝑇-
dependent. Considering that every variation of 𝑃 and/or 𝑇 induces changes on the referred fluid 
and solute properties, they are of a chief importance for the hydrodynamic, mass transfer and 
solubility phenomena that take place in the extraction. In view of this multiplicity of influences, 
pressure and temperature typically define in great extent the performance of SFE systems. 
Taking 𝑇 as example, one knows that variations of this variable (at constant 𝑃) result in 
counteracting effects upon solubility since SC-CO2 density (𝜌) and vapor pressure of solutes 
(𝑃i
sat) exhibit contrary behaviors: when 𝑇 is increased, ρ decreases while 𝑃i
sat increases. Upon 
examination of experimental data, it becomes evident that as 𝑇 is increased, its negative effect 
due to density reduction prevails over the positive impact. With respect to ethanol addition, its 
positive influence on 𝜂total (see Figure 4.3) is in agreement with expectations, as it increments 
the affinity of SC-CO2 to more polar compounds [51]. 
 
The fitted response surface for 𝜂total is given in Figure 4.4 for the two edge temperatures 
studied: 40 ºC and 70 ºC. The good quality of fitting anticipated by 𝑅2 and 𝑅adj
2  in Table 4.6 for 
this response can be visually confirmed through the closeness of reduced model surface and 
experimental data. Upon comparison of the surface plots shapes, very distinct profiles are 
observed for each temperature, namely: higher 𝜂total values with a plateau-like profile (at 40 
ºC) vs. lower values with an inclined profile (at 70 ºC). In this respect, the higher 𝜂total values at 
40 ºC are in great agreement with the conclusion taken from Pareto chart (Figure 4.3), 
regarding the negative effect of 𝑇 increments over total extraction yield. On the other hand, the 
surface plots reveal that the individual positive impact of pressure and cosolvent addition are 
stronger at 70 ºC than at 40 ºC, and also that the conjugation of higher values of 𝑃 with EtOH 
content is particularly advantageous at the highest temperature (Figure 4.4.B) but negligible at 
the lowest one (Figure 4.4.A).   
 
Globally, the optimal conditions that maximize SCG extraction with SC-CO2 are 190 bar/55 
ºC/5 wt.% EtOH, according to the reduced model (𝜂total =   13.28 wt.%). 
  
 











Figure 4.3 – Pareto diagram for the total extraction yield (𝜂total) of spent coffee grounds by 
supercritical fluid extraction. The vertical line defines the region of statistical significance (right 







Figure 4.4 – Total extraction yield (𝜂total) results from extracts of spent coffee grounds 
obtained by supercritical fluid extraction. Data are graphed as function of pressure and ethanol 




















Optimization of diterpenes concentration - The diterpenic compounds quantified in SCG 
extracts were cafestol, kahweol and 16-O-methylcafestol, either esterified or free. In this 
section, the statistical and regression treatment of the experimental data was similar to that 
implemented for the total extraction yield.  
 
In consonance with expectations, the Pareto chart for this response (Figure 4.5) states that the 
modification of SC-CO2 polarity through the addition of ethanol greatly influences 𝐶dit values, 
as three (EtOH, 𝑃×𝑇 , and EtOH×EtOH) of the four factors/interactions involving cosolvent 
content confirmed statistically their importance in this case. Results show that its individual 
influence is predominantly negative, though it is compensated in lower degrees by the positive 
contributions of its quadratic parcel (EtOH×EtOH) and its interaction with pressure (𝑃×EtOH). 
Overall, experimental data clearly denote a negative impact of ethanol on diterpenes 
concentration (see Table 4.5), which must be due to the higher affinity of the modified 
supercritical solvent to other compounds of non-diterpenic nature. It is known that coffee 
diterpenes exhibit some polarity [131] and that pure SC-CO2 has a poor affinity to such 
compounds. However, in view of the rich chemical composition of natural matrices, the 
decision of tuning solvent polarity with a modifier can sometimes lead to the removal of 
undesired compounds, obstructing thus the objective of maximizing the concentration of target 
molecules in the final extracts. Similarly in our study, the cosolvent increased the global yield 
though simultaneously reduced diterpenes concentration. The negative impact of ethanol 
content on 𝐶dit can be fully disclosed in Figure 4.6, where 𝐶dit is plotted for the minimum (0 
wt.%) and maximum (5 wt.%) cosolvent addition percentages. The results are graphed using 
the same concentration scale, being therefore quite perceptible the difference in 𝐶dit magnitudes 
for each case: 75-107 mg goil
−1 for pure CO2 extracts, against 45-75 mg goil
−1 for assays with 5 % 
(wt.) modification. 
 
With regard to the effects of 𝑃 and 𝑇 upon 𝐶dit, the fitted model denotes that the temperature 
exhibits a soft impact on the results, while pressure acts differently depending on the ethanol 
content: it can make concentration vary up to 36 % (70 to 9 mg goil
−1) when working with pure 
CO2, while it can induce variations up to 60 % (45 to 7 mg goil
−1) when 5 wt.% ethanol is 
introduced. 
 
Hence, the operating conditions that provide the maximization of diterpenes concentration in 
SCG extracts (102.90 mg goil
−1) arise as the combination of a lower pressure with no cosolvent 















Figure 4.5 – Pareto diagram for the total diterpenes concentration (𝐶dit) in extracts of spent 
coffee grounds obtained by supercritical fluid extraction. The vertical line defines the region of 






Figure 4.6 – Total diterpenes concentration (𝐶dit) in the supercritical extracts of spent coffee 
grounds. Results are graphed as function of pressure and temperature for the two edge 














4.3.2 EXPERIMENTAL OPTIMIZATION OF  Eichhornia crassipes 
 
Analysis of the experimental results – At an initial stage, the characterization of the extracts 
obtained by conventional solid-liquid extraction and by SFE was assessed with the aim of 
quantifying and comparing both approaches. According to a previous work dichloromethane 
provides a selective uptake of the lipophillic fraction of the various morphological parts of E. 
crasssipes [132], notwithstanding other solvents have been also chosen for the same purpose, 
such as n-hexane [133] and petroleum ether [134]. 
 
Figure 4.7 represents a typical GC-MS chromatogram of a dichloromethane Soxhlet extraction 
where the sterols retention times (RT) are outlined. Due to the vast amount and high 
concentration of stigmasterol present in the extract, and due to being a highly valuable 
compound, the overall sterol family was specifically emphasized in this work. The removal with 
dichloromethane led to a total yield of 1.9 wt.% with the total sterols fraction comprising 23.7 
wt.% of the global extract. In addition, the individual concentrations of stigmasterol, 
cholesterol, β-sitosterol, and methylcholesterol in the extracts amount 15.55 %, 3.50 %, 2.98 
% and 1.67 % (wt.), respectively. These Soxhlet extraction results will henceforth be taken as 
reference values along the SFE optimization of water hyacinth. For instance, Table 4.7 also 
provides the characterization of one SFE assay, namely Run 4.22, allowing a direct comparison 
between the two methods. In this sense, although the total extraction yield obtained by SFE for 
the selected conditions (𝜼𝐓𝐨𝐭𝐚𝐥 = 0.75 wt.%) is far lower than the value obtained by 
conventional Soxhlet (𝜼𝐓𝐨𝐭𝐚𝐥 = 1.9 wt.%), the supercritical method accomplishes a more 
selective extraction of the sterols family, with a purity of 36.6 wt.%, a value that is ca. 1.5 




Figure 4.7 – GC–MS chromatogram of a dichloromethane extract of E. crassipes. The sterols of 















Table 4.7 – Identification and quantitative determination of sterols in the dichloromethane and 





Soxhlet SFE, Run 4.22  











1 51.47 Cholesterol 681.1 3.5 % 346.6 4.6 % 
2 53.28 Methylcholesterol 325.0 1.7 % 177.5 2.4 % 
3 53.94 Stigmasterol 3023.8 15.6 % 1889.0 25.1 % 
4 54.94 β-sitosterol 579.9 3.0 % 339.2 4.5 % 
Total Sterols (mg kgbiomass
−1 ) 4609.8 23.8 % 2752.3 36.6 % 
                      (wt.%) 0.46 %  0.28 %  
Total Yield (wt.%) 1.90 %  0.75 %  
RT: Retention time (see Figure 4.7); EtOH: ethanol   
 
Analysis of statistical modeling results – The experimental results of the extraction assays 
are displayed in Table 4.8. Six responses were evaluated simultaneously, these being total 
extraction yield (𝜂Total), total sterol extraction yield (𝜂TotalSterol), total sterol concentration 
(𝐶TotalSterol), and the individual concentration of stigmaterol, β-sitosterol and cholesterol in the 
extracts (𝐶Stigm, 𝐶β−sitost and 𝐶cholest, respectively).   
 
With regard to 𝜂Total, the obtained yields ranged from 0.72 wt.% for the conditions of Run 
4.16 [200 bar; 0 % ethanol] to 1.24 wt.% for the conditions of Run 4.24 [300 bar; 5.0 % 
ethanol], which correspond to 37 % and 65 % of the reference value given by the Soxhlet 
extraction (1.9 wt.%). In terms of 𝜂TotalSterol, the absolute values of the later ranged from 0.24 
wt.% in Run 4.19 [250 bar; 0.0% ethanol] to 0.35 wt.% in Run 4.23 [300 bar; 2.5 % ethanol], 
which represent 52 % and 76 % (wt.) of the sterols content established by the Soxhlet 
reference. 
 
With the aim of investigating the main factors that influence the considered responses in this 
study, the experimental data was adjusted to a quadratic polynomial (of the form of Eq. (6)) and 
the Full Models (FM) obtained are displayed in Table 4.10 alongside the respective p-values 
regarding their statistical significance. In order to simplify the predictive model obtained, the 
coefficients that were statistically significant to the response (p < 0.05) were preserved and the 
experimental data points were re-fitted. Considering a general overview of fitting parameters, 
it is possible to assess the influence of each contribution towards each response. Regarding 
extraction yields, due to the positive signs of the 𝛽 coefficients, all terms involving ethanol 
contribution (𝛽2, 𝛽4 and 𝛽5) act towards the increase of the response, whereas for the 
concentration responses the inverse scenario occurs. In practice, this implies that ethanol  
  
 



















𝐶TotalSterol (wt.%) 𝐶Stigm (wt.%) 𝐶β−sitost (wt.%) 𝐶cholest (wt.%) 
4.16 200 0.0 0.72 0.25 35.02 24.90 3.91 4.12 
4.17 200 2.5 0.90 0.30 33.17 22.19 4.19 4.74 
4.18 200 5.0 1.17 0.31 27.92 18.96 3.62 3.63 
4.19 250 0.0 0.78 0.24 31.12 22.70 3.67 3.54 
4.20 250 2.5 0.88 0.32 36.32 24.76 4.33 4.89 
4.21 250 5.0 1.25 0.34 27.28 18.49 3.52 3.48 
4.22 300 0.0 0.75 0.28 36.63 25.14 4.52 4.61 
4.23 300 2.5 0.90 0.35 38.26 26.35 4.74 4.89 
4.24 300 5.0 1.24 0.30 24.35 17.59 2.97 2.50 
EtOH: ethanol; Cholest: cholesterol; Stigm: stigmasterol; β-sistost: β-sitosterol; 
 
 
Table 4.9 – Regression coefficients of the Full Model (FM) of the SFE of E.crassipes, including the individual significance for each response at a 95 % 
confidence interval, and the respective determination coefficient (bold values represent contributions that are statistically significant). 




Total sterol Stigmasterol β-Sitosterol Cholesterol 
 FM 𝑝 FM 𝑝 FM 𝑝 FM 𝑝 FM 𝑝 FM 𝑝 
𝛽0 0.914 <0.0001 0.323 0.0003 35.258 0.0005 24.075 0.0004 4.316 0.0004 4.762 0.0008 
𝛽1 0.0271 0.2170 0.00983 0.3722 0.521 0.695 0.506 0.5581 0.0885 0.542 -0.0803 0.695 
𝛽2 0.225 0.0010 0.031 0.0458 -3.870 0.0490 -2.950 0.0314 -0.329 0.0840 -0.444 0.0972 
𝛽11 -0.0307 0.3821 -0.0035 0.8435 0.983 0.6701 0.539 0.7136 0.155 0.537 0.115 0.745 
𝛽22 0.0803 0.0758 -0.034 0.1279 -5.526 0.0774 -3.136 0.1 -0.718 0.0488 -1.192 0.0343 
𝛽12 0.0231 0.3569 -0.00875 0.5023 -1.299 0.444 -0.401 0.6997 -0.309 0.145 -0.406 0.173 
𝑅2 0.98  0.85  0.860  0.88  0.88  0.88  
𝑅adj
2  0.96  0.60  0.627  0.67  0.68  0.69  
  
 









increases the overall amount of extractives attained but such increment is mainly at the expenses 
of other compounds than the sought ones. As a result a dilution of the key compounds is prone 
to be achieved as more ethanol is added to the supercritical CO2. 
 
The coefficients of determination (𝑅2) and the adjusted coefficients of determination (𝑅adj
2 ), 
which aid in the understanding of the quality of the adjustment, are also displayed. Overall, 
every response provided 𝑅2 higher than 0.85, being the highest for 𝜂Total, attaining a value of 
0.98. However, with the exception of 𝜂Total, all the other responses exhibit 𝑅adj
2  values 
significantly lower than 𝑅2, which indicates that the favourable goodness of fit attained in those 
responses is at the expenses of the various parameters of the full model. 
 
 
Optimization of total extraction yield – In what concerns trends of 𝜂Total, Figure 4.8(a) 
shows the surface of this response along pressure and ethanol content, being perceptible that the 
contribution of ethanol in the supercritical solvent mixture provides a higher impact than the 
overall effect of pressure. In fact, within the studied pressure values range (200-300 bar), 
relevant solvent properties such as density (𝜌) and viscosity (𝜇) do not vary expressively: for 
instance, 𝜌(300 bar, 50 ºC, 0.0 wt. % EtOH) 𝜌(200 bar, 50 ºC, 0.0 wt. % EtOH)⁄ = 1.1 and 
𝜇(300 bar, 50 ºC, 0.0 wt. % EtOH) 𝜇(200 bar, 50 ºC, 0.0 wt. % EtOH)⁄ = 1.2. (The SC-CO2 density and 
viscosity were computed by the relationship proposed by Pitzer and Schreiber [135], and the 
empirical equation developed by Altunin and Sakhabetdinov [136], respectively). Although 
ethanol addition can affect per se the density and viscosity of the supercritical phase, Figure 
4.8(a) evidences that jumps from 200 to 300 bar at either 2.5 or 5.0 wt.% EtOH are not more 
pronounced than without cosolvent, which reinforces the idea that, in practical terms, relevant 
properties of the supercritical CO2 (or mixture) are not being considerably modified within the 
chosen pressure frame.  
 
On the other hand, it has been noted that chemical forces due to specific solute-cosolvent 
interactions can be responsible for large solubility enhancements, rather than physical forces 
[137]. In fact, the increase of the supercritical medium polarity at constant pressure provided an 
extraction yield up to 1.6 times higher than the operation with pure SC-CO2. Such evidence has 
been also reported for other biomass samples, as in the SFE optimization study of Eucalyptus 
globulus bark [51]. However, as has been mentioned above, the modification of the SC-CO2 
with ethanol favours majorly the solubilisation of more polar compounds, which may or may 
not be desirable if the extraction of specific target molecule/families (such as sterols) is 
objectively pursued.  
 
Besides the general remark on how ethanol seems to be able to increase 𝜂Total, it should be 
mentioned that different influence grades can be noticed between the range of values studied for 
this factor. Accordingly, the total extraction yield jumps observed between 0-2.5 wt.% EtOH 
  
 









are visibly more modest than those observed for 2.5-5.0 wt.%. Such observation reveals the 
SFE process is sensitive to the amount of cosolvent that is being employed, suffering distinct 
enhancements depending on the chosen ranges. Such sensitivity should be considered under the 
light that the amount of hydrophilic extractives are 6.3-10.9 times greater than lipophilic 
extractives in E. crassipes [132]. Hence, the vast amount of polar extractives compared to the 
lipophilic fraction justifies the favourable evolution of 𝜂Total with the increase of solvent 
polarity.  
 
In the whole, the operating conditions that maximize the amount of extractives are 300 bar and 
5.0 % ethanol. These should be compared with the specific performance of sterols uptake, 
which is the objective of the following subsections.  
 
Figure 4.8 – Response surfaces plotting the effects of pressure and ethanol content over: A) 
total extraction yield, and B) Total sterols extraction yield. Temperature and CO2 flow rate are 
fixed (50 ºC and 7.5 g min-1). Dots are experimental data, and surfaces are calculated by Eq. (6) 
with the coefficients of Table 4.9. 
 
 
Optimization of total sterols extraction yield – Figure 4.B presents the extraction profile of 
sterols as function of ethanol content and pressure within the studied range of values for each 
factor. Despite 𝜂Total and 𝜂TotalSterols visibly follow the same overall trend (i.e. major variations 
being caused by ethanol content than pressure), the profiles of both yields along the increase of 
ethanol concentration are distinct for the two responses. In fact, 𝜂TotalSterols exhibits a more 
pronounced increase when moving from 0 to 2.5 wt.% of cosolvent than𝜂Total  response does, 
but the opposite enhancement is verified within the jump of 2.5 to 5.0 wt.%. This evidence 
denotes that the uptake of sterols clearly benefits from a slight tuning of supercritical medium 
polarity as that caused by an addition of 2.5 % of ethanol, but that above this value no 
proportional advantage is noticed. Hence, operation with 5.0 wt.% ethanol represents a surplus 
of cosolvent that has no desirable consequences from a sterols removal point of view. 
  
 










The advantageous way how ethanol can enhance sterols uptake would be undisputable if other 
compounds were not also present in the biomass samples to be extracted on a competitive basis.  
In fact, the addition of small quantities of ethanol can boost the molecular interactions between 
the supercritical solvent and polar compounds, increasing the removal rate of these. As a result 
significant amount of undesired components may also be recovered, which is not desirable in 
light of producing extracts with enriched fractions of sterol compounds. Hence, the sterols 
yield enhancement through cosolvent addition should be crossed with selectivity criteria, 
which, in practice, may be analysed finding optimum concentration regions for the sterols. 
 
 
Optimization of sterols concentration – The last responses evaluated in this work are related 
to the sterols concentration in the extracts obtained under different operating conditions. Since, 
as a response, total sterols concentration is computed as the ratio between 𝜂TotalSterol and 
𝜂Total, the trends observed for these functions may allow anticipating a given concentration 
profile. In this sense, the acknowledgement that ethanol influences more 𝜂TotalSterol than 𝜂Total 
with 2.5 wt.% ethanol, and the opposite is observed for 5.0 wt.% ethanol, suggests that the 
region of maximum concentration may be located at intermediate ethanol contents. Figure 
4.9.A presents the overall sterols concentration profile along the studied range of operating 
conditions. As expected, a specific combination of operating conditions contributes to a more 
selective removal of sterols in contrast to the remaining undesirable compounds available in the 
biomass, those being 200-300 bar and 2.5 wt.% ethanol. Overall, the trend observed in the 
concentration profiles is in agreement with the discussion performed before, i.e. the conditions 
that maximize the sterol concentrations are those where the respective extraction yield achieves 
its plateau (see Figure 4.8). It is also worth to notice that since a vast amount of hydrophilic 
compounds are available, the milder ethanol conditions that allow a high removal of sterols are 
in fact favourable to the goal of having a maximum concentration of these compounds in the 
extracts. In fact, when 5.0 wt.% of cosolvent is introduced, the solubility of those polar 
extractives are significantly incremented, which reduces the concentration of our target family 
of sterols. 
 
The existence of a clear optimum region for total sterols concentration in extracts triggered the 
interest to evaluate also the individual concentrations of the most representative sterols available 
in E. crassipes extract. Hence, in Figures 4.9.B, 4.9.C and 4.9.D one provides stigmasterol, β-
sitosterol and cholesterol concentrations, respectively. These three molecules represent 93-96 
% of the total sterols concentration of Figure 4.9.A. Besides, the individual responses 
considered gave the same maximum/minimum operating conditions arrangements, these being 
obtained at Runs 4.23 and 4.24 respectively. As observed in Figure 4.9.B, a similarity is 
noticeable between the concentration profiles of total sterols and stigmasterol. This is due to 
the fact the latter is the most representative sterol obtained from E. crassipes, accounting 
  
 









individually 67-72 % of 𝐶TotalSterol in SFE assays (see Table 4.8), while in Soxhlet it worths 66 
% of the 𝐶TotalSterol . The very same profile is observed for cholesterol, showing that it shares in 
great extent with stigmasterol the sensitivity to the pressure and ethanol content conditions, 
notwithstanding its abundance represents only 11 wt.% of the sterols existing in the studied 
biomass (see Table 4.8). 
 
A rather different profile was observed for β-sitosterol (Figure 4.9.C). As a matter of fact, this 
sterol evidences a greater sensitivity to pressure variations in the range of 200-300 bar than 
stigmasterol and cholesterol do. Accordingly, 𝐶β−sitost is greatly enhanced by the jump to 300 
bar, independently of the ethanol content that is chosen. However, the setting of an 
intermediate ethanol content (2.5 wt.%) is also preferable as the said enhancement reaches the 
maximum absolute concentration value on that region: 4.74 wt.%. 
 
Taking into account the specificity of β-sitosterol in relation to the other occurring sterols, and 
also that it has been reported in several works [35–37] as the most abundant sterol present in 
vegetable biomass (not the case for E. crassipes), special attention should be paid when assuming 
β-sitosterol as representative of the behavior of other existing sterols, whose extraction might 
















Figure 4.9 – Response surfaces showing the effects of pressure and ethanol content on the concentration of: A) total sterols, B) stigmasterol, C) β-














 Coffea spp. study - In this work the optimization of the supercritical fluid extraction of spent 
coffee grounds (SCG) was carried out for three process variables, namely pressure (140-190 
bar), temperature (40-70 ºC) and cosolvent (ethanol) content in the CO2 stream (0-5 wt.%), 
using a Box-Behnken design of experiments and upon application of the response surface 
methodology. 
 
The best conditions to maximize total extraction yield are 190 bar/55 ºC/5 wt.% EtOH, which 
lead to ηTotal= 11.97 % (goil/100 gSCG). In terms of total concentration of diterpenic 
compounds in the supercritical extracts(𝐶dit), the optimized operating conditions are 140 
bar/55 ºC/0 wt.% EtOH, providing 𝐶dit= 107.44 mg goil
-1 . 
 
Eichhornia crassipes study – The supercritical CO2 extraction of a mixture of stalks and 
leaves of E. crassipes was carried out following a design of experiments where pressure (𝑃) and 
ethanol content were the operating conditions to optimize over 200-300 bar and 0.0-5.0 wt.%, 
respectively. Upon application of a full factorial design of two factors and three levels, as well as 
the response surface methodology, total extraction yield (𝜂Total), stigmasterol yield (𝜂Stigml), 
total sterols concentration (𝐶TotalSterol), stigmasterol concentratio (𝐶Stigm), cholesterol 
concentration (𝐶cholest) and β–sitosterol concentrations (𝐶β−sitost) were modeled. 
 
The optima conditions for ηTotal were 250-300 bar and 5.0 wt.% ethanol, while for ηTotalSterol 
were 300 bar and 2.5 wt.%. The latter conditions were also the most favorable to maximize 
CTotalSterol, particularly CStigm. Under the referred optimum, ηTotal =  1.25 wt.%, 
ηTotalSterol = 0.35 wt.%, CTotalSterol = 38.26 wt.%, and CStigm = 26.35 wt.%. The 
comparative analysis of the impact of pressure and ethanol content on CStigm, Ccholest, and 
Cβ−sitost allowed to conclude that stigmasterol and cholesterol behave similarly, being 
particularly affected by ethanol content but not by pressure. On the other hand, β–sitosterol 
concentration in extracts exhibited a stronger dependence on pressure besides the influence of 
ethanol content. 
 
In the whole, the reported results provide a pertinent contribution for the valorization of E. 
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5 MEASUREMENT OF EXTRACTION CURVES 
 
This chapter comprehends experimental results published by the author in three different articles [1-3], 
namely on the SFE of Quercus cerris cork [3], of Eichhornia crassipes biomass [2], and spent coffee 
grounds from Coffea spp. [1]. These works focus the measurement of SFE curves of these natural matrices, 
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xtraction curves are vital for the correct assessment of SFE kinetics, as they allow the 
disclosure of different extraction regimes (characterized by distinct extraction rates) 
and thus the inspection of the mechanisms that govern the separation in different stages 
of the process.  
 
If a low interstitial velocity (low flow rate) is chosen, the film resistance and/or the 
accumulation in the bulk may prevail over intraparticle diffusion and solubility issues, thus 
diminishing the rate of extraction by itself. On the other hand, if the extractor is being run 
under increasing interstitial velocities, the most representative limitations may become 
solubility and/or intraparticle diffusion. Nonetheless, high velocities may also lead to a misuse 
of SC-CO2 that will then be spent in excess at the expenses of non-optimized utility and energy 
costs. This aspect is important to increase the economic viability of a SFE unit.  
 
Figure 5.1 illustrates an optimization of flow rate by graphing cumulative curves of total 
extraction yield of E. globulus bark measured at 200 bar, 40 ºC, with 5 % (wt.) of ethanol, for 
different CO2 flow rates [4]: 6, 12 and 14 g min-1. When QCO2 is doubled from 6 to 12 g min-1 a 
relevant enhancement of the extraction rate is observed. An additional increase to 14 g min-1 
shows no further significant yield enhancement. As a result, it was considered that 12 g min-1 is 
an optimized value for SFE flow rate since it originates an interstitial velocity that maximizes the 
rate of extraction while simultaneously minimizes utilities and energy costs. This is an 
elucidative example of a rational selection of a flow rate value. 
 
 
Figure 5.1 - Cumulative curves of total extraction yield of E. globulus bark at different CO2 














In fact, taking into account empirical correlations of the type Sh = 𝛼 ReβScγ, the ratio of 
convective values (𝑘f) of runs i and j can be estimated in terms of fluid velocities (u) or mass 















In some works β = 0.8 [5-8], for which the convective coefficients ratios reach 1.74 and 1.13 
for 6-12 g min-1 and 12-14 g min-1 jumps, respectively. In both cases the increments of 𝑘f are 
significant but in the second case no improvement was observed in the extraction yield which 
proves the elimination of the film. At this stage, the process gets centered on intraparticle 
diffusion and solutes solubility, and makes additional flow rate increments useless for the goal of 
extraction, as Figure 5.2 evidences. 
 
 
Figure 5.2 - Cumulative curves of triterpenic acids (TTAs) extraction yield of E. globulus bark 
plotted as function of mass of spent CO2 for three different flow rates. Fixed conditions: 200 
bar, 40 °C, 5 % (wt.) ethanol [4]. 
 
In light of the aforementioned remarks, this chapter is devoted to the experimental 
measurement of supercritical extraction curves, including the analysis of the impact of different 
operating conditions on the kinetic and cumulative profiles. The furnished curves are then 
revisited in the next chapter for modeling purposes, namely for phenomenological insights.  
 
Accordingly, the experimental work presented in this chapter is systematized in three different 
studies, as follows: 
 
  









Quercus cerris study [3] – In this work, the supercritical fluid extraction of Q. cerris cork was 
carried out in order to measure cumulative curves for both total and friedelin extraction yields. 
The influence of particle size and ethanol (CO2 modifier) content were assessed in the ranges of 
coarse particles to >80 mesh size, and 0–5 wt.%. For this, pressure, temperature, and flow 
rate were kept constant at 300 bar, 50 ºC and 11 g min−1. 
 
Eichhornia crassipes study [2] – In this article a preliminary study on the potential of SFE of 
E. crassipes as a privileged source of stigmasterol is presented, aiming at the analysis of the 
process sensitivity to temperature, cosolvent and run time conditions. In addition, taking 
advantage of the insights obtained through the optimization study presented in Chapter 4 of this 
thesis, SFE curves of Eichhornia crassipes were measured for different pressure (200, 250, and 
300 bar), ethanol content (0 and 5 wt.%), and CO2 flow rate (5.0, 7.5 and 10.0 g min-1) 
conditions, and studied in terms of total (𝜂total) and stigmasterol (𝜂stigmasterol) extraction 
yields. 
 
Coffea spp. study [1] - Extraction curves were measured taking into account the trends 
unveiled by the design of experiments and response surface analysis (presented in Chapter 4), 
namely that ethanol does decrease diterpenes concentration, temperature exhibits a soft 
influence, and pressure is an important factor (lower values are desirable). Therefore, the 
selected operating conditions were the following: pure CO2 at minimum and maximum 




Eichhornia crassipes and Coffea spp. studies – The raw materials used for this study are the 
same previously presented in Chapter 4, in section 4.2.1. 
 
Quercus cerris study – Bark was obtained from Kahramanmaras, Turkey, and was granulated 
with a hammer-type industrial mill. The resulting granules were separated by density difference 
in distilled water in 10 min mixing time. The floating fraction of cork-enriched granules 
(subsequently named cork) was dried, ground, and sieved according to the following particles 
sizes: coarse particles (<20 mesh), 20-40 mesh, 40-60 mesh, 60-80 mesh, and >80 mesh, 
which correspond to average diameters of >0.85, 0.64, 0.34, 0.22 and < 0.18 mm – see 
Figure 5.3. The bed densities of these samples are also given in Figure 5.3, and were 
determined by volumetric and gravimetric measurements to determine the volume occupied by 
a known mass of compressed cork sample. Soxhlet results using Q. cerris samples of 20-40 mesh 
and dichloromethane as solvent led to a total extraction yield of 4.02 wt.% and a friedelin yield 
of 1.05 wt.%. 
5.2 MATERIALS AND METHODS 
5.2.1 RAW MATERIALS 
  









In addition, the cellular morphology of the cork samples was assessed by SEM analysis using a 
Hitachi S4100 microscope. Previously to each analysis, aliquots of cork samples (with different 
particle sizes) were prepared with a gold/palladium (Au/Pd) alloy deposition. The SEM 
pictures are presented in Figure 5.4 for three decreasing particle sizes, i.e. coarse, 20-40 mesh 
and >80 mesh, using two degrees of magnification: 100x and 600x. Accordingly, the impact of 
grinding can be checked from the top to the bottom of Figure 5.4, with significant damaging of 
the external cell structures (depicted in micrographs on the left) being noticed as particles 
become smaller (depicted in micrographs on the right). The first relevant conclusion is the 
material exhibits broken cells at surface besides its internal intact cells. It has been shown that 
the region of open cells can outbound the surface layer [9], thus the fraction of broken cells (g) 
should better be obtained by fitting SFE curves, rather than by estimation of the surface layer 





Figure 5.3 - Bed density, bed porosity, and visual aspect of cork samples with different ranges 














Figure 5.4 - SEM pictures of cork samples of different particle size before SFE. 
 
 
Quercus cerris study –  Ursolic acid (98 % purity), betulinic acid (98 % purity), and oleanolic 
acid (98 % purity) were purchased from Aktin Chemicals (Chengdu, China); betulonic acid (95 
% purity) was purchased from CHEMOS GmbH (Regenstauf, Germany); Pyridine (99 % 
purity), N,O-bis(trimethylsilyl)trifluoroacetamide (99 % purity), trimethylchlorosilane (99 % 
purity), and tetracosane (99 % purity) were supplied by Sigma Chemical Co. (Madrid, Spain). 
Ethanol (99.99 %) was supplied by Fisher Scientific. CO2 (99.95 %) was supplied by Praxair 
(Porto, Portugal).  
 
Eichhornia crassipes study – These features are the same presented in section 4.2.2 (Chapter 
4) for the study of this raw material. 
 
Coffea spp. study - A fatty acids methyl esters (FAME) mix (C8-C24) and methyl 
heptadecanoate ester were purchased from Supelco (Bellefonte, PA, USA). All other reagents 
used were of analytical grade or higher available purity. Carbon dioxide was supplied with a 
purity of 99.95 % from Praxair (Porto, Portugal). 
5.2.2 CHEMICALS 
  










Quercus cerris study – In this work, SFE experiments were carried out using both pure and 
ethanol modified CO2. The extraction was performed in a 0.5 L capacity Spe-edTM apparatus 
(Applied Separations, USA) already presented in this thesis in section 3.2.3 (Chapter 3). The 
bed was held static through the usage of a metallic sponge on both free spaces of the extractor, 
together with a fine polymeric filter to ensure the particles remained in the bed.  
 
The performed experiments and the respective operating conditions are summarized in Table 
5.1. The determination of each experimental point of the various SFE curves was carried out 
hourly, followed by the replacement of the extract collector. In each run, an approximate load 
of 50 g of Q. cerris cork was introduced in the extractor. The densities of the supercritical fluid 
(SCF) are the following: 841.9 kg m-3 for Runs 5.1 to 5.5 (300 bar, 50 ºC and 2.5 wt.% of 
EtOH) and 844.9 kg m-3 for Run 5.7 (300 bar, 50 ºC and 5.0 wt.% of EtOH) interpolated from 
experimental data [11], and 839.0 kg m-3 for Run 5.6 (300 bar, 50 ºC and 0 wt.% of EtOH), 
calculated from the relationship proposed by Pitzer and Schreiber [12]. These values are also 
listed in Table 5.1. 
 
Table 5.1 − Experimental conditions of the SFE of Q. cerris. Pressure, temperature and flow 
rate were held constant in 300 bar, 50 ºC and 11 g min−1. 
 
Eichhornia crassipes study – The procedure was the same presented in section 4.2.2 
(Chapter 4) for the optimization of the SFE of this raw material. In each run, an approximate 
load of 30 g of water hyacinth was introduced in the extractor. The bed was held static through 
the usage of a metallic sponge on both free space of the extractor, together with a fine 
polymeric filter to ensure the particles remained at the same position. The performed 
experiments and the respective operating conditions are summarized in Table 5.2. In addition, 












Run 5.1 45.71 > 80 5.7 2.5 841.9 
Run 5.2 34.37 60-80 3.9 2.5 841.9 
Run 5.3 45.72 40-60 4.8 2.5 841.9 
Run 5.4 45.74 20-40 4.8 2.5 841.9 
Run 5.5 45.74 Coarse 4.6 2.5 841.9 
Run 5.6 45.71 20-40 4.8 0 839.0 
Run 5.7 45.77 20-40 4.8 5.0 844.9 
𝐿b = height of the extractor bed;  𝑥EtOH = weight percentage of ethanol in the 
supercritical solvent (CO2+EtOH); 𝜌SCF= density of supercritical solvent, calculated 
by the model of Pitzer and Schreiber (pure CO2) [12] and interpolated  from 
experimental data of Pohler and Kiran (for CO2 modified with ethanol) [11]. 
 
  









the determination of each experimental point of the various SFE curves was carried out hourly, 
followed by the replacement of the extract collector. 
 
Table 5.2 - Experimental conditions of the SFE runs performed in the work of SFE of E. 
crassipes. Temperature was held constant at 50 ºC. 
Curve 𝑃 (bar) 
𝑥EtOH 
 (wt.%) 
𝑄CO2  (g min
−1) Ref. 
Run 5.8 250 0 5.0 This work 
Run 5.9 250 0 7.5 This work 
Run 5.10 250 0 10.0 This work 
Run 5.11 200 0 7.5 This work 
Run 5.12 250 5 7.5 This work 
Run 5.13 300 5 7.5 [13] 
 
 
Coffea spp. study - The SFE experiments were carried out with carbon dioxide under semi-
continuous operation in an apparatus built/assembled at the University of Aveiro. A detailed 
description of this equipment may be consulted elsewhere [14]. In each experiment, 60 g of 
dried raw material was placed inside the extractor, the flow rate used was 12 gCO2 min-1, the 
temperature varied from 40 to 55 ºC, and the pressure from 140 to 190 bar. The operating 
conditions are shown in Table 5.3, along with two runs taken from the literature [15]. 
 
It was considered acceptable to combine data from different sources because the contents of 
lipids and fatty acid profiles are comparable. Nevertheless they are distinguished as blocks, 
block A comprising Runs 5.14, 5.15, and 5.16 (this work), and block B comprising Runs 5.17 
and 5.18 (data from [15]). 
 
Table 5.3 − Operating conditions of the experiments performed in this work and taken from 













Run 5.14 60 12 12 190 40 This work 
Run 5.15 60 12 12 190 55 This work 
Run 5.16 60 12 12 140 55 This work 
Run 5.17 20 10 30 200 50 [15] 
Run 5.18 20 10 30 300 50 [15] 
 
For comparison purposes an extract of spent coffee grounds was firstly obtained by Soxhlet. An 
amount of 30.4 g of spent coffee grounds was placed inside the Soxhlet apparatus and treated 
with 300 mL of analytical grade n-hexane for 4 h. At the end the solvent was evaporated to 
  













Quercus cerris study – Previously to the GC-MS analysis, approximately 20 mg of each 
extracted sample were converted into its trimethylsilyl (TMS) counterpart [16-17]. Each dried 
sample was firstly dissolved in 250 μL of pyridine containing 1 mg of tetracosane. The addition 
of 250 μL of N,O-bis(trimethylsilyl)trifluoroacetamide and 50 μL of trimethylsilyl chloride 
promotes the conversion of compounds with hydroxyl and carboxyl groups to TMS ethers and 
esters, respectively. This mixture was then maintained at 70 ºC for 30 minutes [4]. Finally, each 
extract was analyzed in duplicate with tetracosane as internal standard.  
 
Eichhornia crassipes study – The procedure was the same presented in section 4.2.5 
(Chapter 4) for the experimental optimization of the SFE of this raw material. 
 
Coffea spp. study - The tryacylglicerides content was determined by GC-FID by the sum of 
the amounts of the individual fatty acids methyl esters obtained after transesterification with 
sodium methoxide according to the methodology described by Passos et al. [14]. The 
compounds were identified by comparing their retention times with those of a commercial 




Total extraction yield – The total extraction yield profiles (𝜂total) for Q. cerris cork of 
different particle sizes (Runs 5.1 to 5.5) and different cosolvent ratios (Runs 5.4, 5.6, and 5.7) 
are provided in Figures 5.5.A and 5.5.B, respectively. From the alignment of the cumulative 
yields at 𝑡 = 6 h in Figure 5.5.A, one may notice an upwards trend of the datapoints according 
to the decrease of particle sizes. In fact, the lowest yield obtained after 6 hours of SFE belongs 
to the cork sample having the biggest particles (coarse), which attained 1.2 wt.%, against 2.8 
wt.% for particle sizes >80 mesh (Run 5.1). Accordingly, from a total extraction yield 
perspective one may conclude that particle diameter induces significant jumps in the attainable 
yield values, and that these jumps have a correspondence with the decrease of particle sizes. 
Nevertheless, still at 𝑡 = 6 h, a larger gap is noticed between Run 5.3 (40-60 mesh) and Run 
5.2 (60-80 mesh), which denotes the existence of a threshold particle size (40-60 mesh) above 
which the enhancement of 𝜂total is more pronounced. When thoroughly considered, the effect 
of the threshold particle size on the extraction curves is evident even for earlier times: for 𝑡 = 1 
h, datapoints are already sorted in two groups: one below 0.8 wt.% for Runs 5.3-5.5 (particle 
5.2.4 EXTRACTS CHARACTERIZATION 
5.3 RESULTS AND DISCUSSION 
5.3.1 SFE curves of  Quercus cerris  
  









sizes equal or greater than 40-60 mesh), and the other above this value, composed of Runs 5.1-
5.2 (particle sizes equal to or lower than 60-80 mesh). Furthermore, from the second hour 
onwards, the shapes of the curves (and thus their gap) remain stable. 
As far as the impact of ethanol content (𝑥EtOH, wt.%) on 𝜂total is concerned, a yield rank is 
noticeable as higher ethanol contents are used. For instance, at 𝑡 = 5 h, the extraction using 5.0 
% ethanol (Run 5.7) yielded 2.2 wt.%, against 1.4 wt.% when using half of that percent (Run 
5.4), and 0.9 wt.% without ethanol (Run 5.6). Nevertheless, the degree of the enhancements 
does not follow a linear dependence on the cosolvent addition: it is between 2.5 wt.% and 5.0 
wt.% that a substantial gain of 𝜂total is observed, particularly after the first hour of extraction. 
 
Figure 5.5 − Cumulative curves of total extraction yield (𝜂total) of Q. cerris biomass for: A) 
different particle size ranges at fixed 2.5 wt.% of ethanol; B) different cosolvent concentrations 
at fixed particle size range of 20-40 mesh. Pressure, temperature and flow rate were held 
constant in 300 bar, 50ºC and 11 g min−1.  
 
  









Finally, the joint analysis of Figures 5.5.A and 5.5.B allow also drawing conclusions on how the 
grinding and the use of ethanol as cosolvent in SFE can be considered as alternative options in 
relation to each other:  
(i) under SFE operating conditions of 300 bar, 50 ºC and 11 g min−1, processing cork 
samples with 20-40 mesh without cosolvent (Run 5.6) is comparable to extracting non 
ground particles (coarse) with 2.5 wt.% of ethanol (Run 5.5); 
(ii) for particles of 20-40 mesh, the performance associated to using 5.0 wt.% ethanol is 
comparable to processing cork particles of 60-80 mesh with 2.5 wt.% of ethanol; 
 
Friedelin extraction yield – The friedelin extraction yield (𝜂friedelin) profiles of the seven 
runs are graphed in Figure 5.6.A for different particles sizes, and in Figure 5.6.B for different 
𝑥EtOH values.  
 
Likewise for 𝜂total a correspondence was found between particle size and friedelin yield: the 
smaller the cork particles become, the faster the extraction goes and the higher the final yields 
are. Nevertheless, at 𝑡 = 6 h a negligible yield difference is observed between the samples of 
60-80 mesh and >80 mesh, being reached a maximum value of 0.68 wt.%. Lastly, results also 
evidence the non existence of a plateau within the six hours of experiment, which highlights that 
the practical depletion of this compound from biomass was not reached in any of the seven 
experiments, despite the eased access to extractives in the lower particle size samples. 
 
With reference to the impact of ethanol on the uptake of friedelin, a linear proportion seems to 
prevail on the curves, with the increase of the yields being approximately proportional to the 
content of ethanol from the second hour on. For instance, at 𝑡 =5 h, 𝜂friedelin = 0.26 wt.% for 
pure CO2, 0.33 wt.% for 2.5 wt.% ethanol, and 0.43 wt.% for 5.0 wt.% ethanol. These 
correspond to the following ratios: 𝜂friedelin (0 % EtOH) 𝜂friedelin (2.5 % EtOH)⁄ =0.79, and 
𝜂friedelin (5.0 % EtOH) 𝜂friedelin (2.5 % EtOH)⁄ = 1.30, which, in other words, comprise -21 % and 
+30 % of the yields obtained with 2.5 % EtOH, respectively. Hence, one may conclude that: 
 
(i) Avoiding ethanol when extracting samples of 20-40 mesh at 300 bar and 50 ºC, 
11 g min−1 produces a loss of friedelin uptake that is lower than if coarse particles are 
extracted with a supercritical mixture of 2.5 wt.% EtOH. 
(ii) Doubling the amount of ethanol from 2.5 to 5.0 wt.% enhances less the productivity of 


















Figure 5.6 − Cumulative curves of friedelin extraction yield (𝜂friedelin) of Q. cerris biomass for: 
A) different particle size ranges at fixed 2.5 wt.% of ethanol; B) different cosolvent 
concentrations at fixed particle size range of 20-40 mesh. Pressure, temperature and flow rate 




Total extraction yield curves – With reference to the generic extract uptake along time, 
Figure 5.7 illustrates the profiles of the assays performed in this work. Accordingly, Figure 
5.7.A comprises Runs 5.8 to 5.10, which differ from each other only on flow rate values, and 
no cosolvent was used (see Table 5.2). On the other hand, in Figure 5.7.B two effects can be 
analyzed in contrast to Runs 5.8-5.10: the impact of changing the operating pressure (see Runs 
5.3.2 SFE CURVES OF Eichhornia  crassipes  
  









5.9 and 5.11), and the impact of using ethanol as cosolvent (Runs 5.9 and 5.11, against Runs 
5.12 and 5.13, see Table 5.2). 
 
 
Figure 5.7 – Cumulative curves of total extraction yield (𝜂total) of E. crassipes biomass at: A) 
different flow rates for 250 bar and 0 wt.% ethanol; B) different pressures and/or ethanol 
content for 7.5 g min−1. Curves are lines to guide the eyes; see experimental conditions in 
Table 5.2. 
 
As far as the flow rate impact is concerned, a proportional increase of the extraction rate was 
noticed in the first hour as 𝑄CO2 was increased from 5.0 to 10.0 g min
−1. Hence, by the end of 
the experiments at 𝑡 = 6 h, the 𝜂total values attained were 0.706 wt.% (Run 5.8), 0.778 wt.% 
(Run 5.9), and 0.803 wt.% (Run 5.10). 
 
  









Despite the advantageous extraction performance as the flow rate was increased, the jump 
between 5.0 and 7.5 g min−1 was greater than between 7.5 and 10.0 g min−1, which is in 
accordance with expectations, as the film resistance to mass transfer is progressively reduced as 
𝑄CO2 increases. For instance, this has been observed in SFE experiments involving eucalypt bark 
[18], where an experimental study was performed by changing CO2 flow rate from 6 g min−1 to 
14 g min−1, and also on tomato skins [19], where the respective CO2 flow rate change was from 
1.5 mL min−1 to 4.5 mL min−1. 
 
With reference to ethanol addition, Runs 5.12 and 5.13 show that, in relation to Run 5.9, they 
are able to increase total yield up to 60 % within the 6 hours of extraction, reaching up to 
𝜂total = 1.25 wt.% (Run 5.12).  An additional insight provided by Runs 5.12 and 5.13 
comprise the fact that when using 5.0 % ethanol, a 50 bar variation in pressure from 250 to 300 
bar imparts a negligible effect on the shape and magnitude of the extraction curve. On the other 
hand, Run 5.11 (200 bar/0 % EtOH/7.5 g min−1) gave rise to a curve that is intermediate 
between those of Run 5.8 (250 bar/0 % EtOH/5.0 g min−1) and Run 5.9 (250 bar/0 % 
EtOH/7.5 g min−1). Hence, one may conclude that decreasing the flow rate from 7.5 to 5.0 
g min−1 has a greater impact on the extraction curves than decreasing pressure by 50 bar from 
250 to 200 bar.  
 
Stigmasterol extraction yield – With reference to the specific uptake of stigmasterol along 
time, Figure 5.8 illustrates the profiles of the six assays following the same division of Figure 
5.7, namely, with Runs 5.8-5.10 being in Figure 5.8.A (where only flow rate values change and 
no cosolvent was used), and Runs 5.9 and 5.11-5.13 being in Figure 5.8.B (where the impacts 
of changing the operating pressure and of using ethanol as cosolvent can be noticed). 
 
In general, identical insights concerning the impact of flow rate and pressure variations can be 
taken for   𝜂stigm,  where the final stigmasterol yields jump from 0.167 wt.% (Run 5.8) to 
0.176 wt.% (Run 5.9) and then to 0.173 wt.% (Run 5.10). Once again a much larger 
difference is noticed between 5.0 and 7.5 g min−1  (Runs 5.8 and 5.9) than between 7.5 and 
10.0 g min−1 (Run 5.9 and 5.10). 
 
As far as the impact of ethanol is concerned, a great gain was noticed on the attained 
stigmasterol yields when using 5 % of ethanol. In fact, two yield plateaus were observed within 
the six runs: one at ca.   𝜂stigm =  0.17 wt.% for 0 % EtOH (Runs 5.8 to 5.11), and the other at 
0.23 wt. % for 5.0 % ethanol (Runs 5.12 and 5.13). These results suggest that the attainable 
amount of extractives can be of very different ranges whether using cosolvent or not, which is a 
pertinent remark to model the experimental results. 
 
  










Figure 5.8 – Cumulative curves of stigmasterol extraction yield (𝜂stigm) of E. crassipes biomass 
at: A) different flow rates for 250 bar and 0 wt.% ethanol; B) at different pressures and/or 
ethanol content for 7.5 g min−1. Curves are lines to guide the eyes; see experimental conditions 
in Table 5.2. 
 
A particularity of 𝜂stigm response in relation to 𝜂total comprises the fact that, under an addition 
of 5.0 % (wt.) ethanol, the quickest way to remove stigmasterol from the E. crassipes matrix is at 
250 bar rather than at 300 bar. However, it seems that such advantage is mainly for shorter 
extraction times (𝑡=0-4 h), as the two series where ethanol was used (Runs 5.12 and 5.13) 
converged to an identical plateau after 6 h of uptake. Nevertheless, the said time advantage of 
working at 250 bar is a notable and advantageous behaviour as it is not simultaneously noticed 
for the total yield response under the same conditions (see Figure 5.7.B). As a result, a 
temporary selectivity gain window is observed for stigmasterol, which is a remarkable result in 
  









light of the interest to produce stigmasterol enriched extracts. This observation reminds the one 
attained by Domingues et al. [18], who studied the production of triterpenic acids enriched 
extracts using SC-CO2 from eucalypt bark samples at 200 bar and 5 wt.% ethanol, and observed 
a progressive selectivity gain along time in favour of the mentioned acids caused by a variation in 
temperature conditions from 40 ºC to 60 ºC. 
 
Final remarks – As usual in the SFE of natural biomass [20], our  previous optimization of 
operating conditions (𝑃, 𝑇, wt.% of ethanol) on the SFE of E. crassipes was accomplished under a 
constant extraction time, i.e. 𝑡=6 h [21]. Owing to the notorious similarity of the yield 
responses of both Runs 5.12 and 5.13 (see Figures 5.7.A and 5.7.B), the referred selectivity 
gain window becomes unnoticed to the response surface methodology (RSM) method adopted 
for optimization. Hence, very distinct results and conclusions would be obtained if the 
optimization was carried out at 𝑡 = 2 h instead. However, it is worth noting that 𝜂stigm and 
𝜂total profiles at 𝑡 = 2 h are still very different from the final values attained at 𝑡 =6 h, which is 
for sure the reason for the typical selection of high extraction times assumed by researchers. 
 
In this respect, Melo et al. [22] proposed a more appropriate analysis of a SFE process based on 
economic criteria using the whole extraction curves (presented in full detail in Chapter 8). It 
also relies on the application of RSM, but the optimized response is the Cost of Manufacturing 
(COM) rather than the extraction yield solely, which allows that the best experimental 
conditions are selected using yield vs. time information in conjunction with process costs and 
productivity indicators. For instance, it has been shown that the most competitive extraction 
times were as low as 1 h for gac oil [23], 1.1 h for tomato residues extracts [24], and 2 h for 
spent coffee grounds [22], independently of the final yields attained after longer times.  
 
These insights show that kinetics is fundamental for processes involving SFE, which in turn 
reinforce the pertinence of carrying out modeling studies based on these data. This is the 




Total extraction yield– Figure 5.9 presents the SFE curves measured at 190 bar/40 ºC and 
190 bar/55 ºC plotted against time. The results are normalized by the Soxhlet extraction yield 
and graphed as function of time. The cumulative curves from Couto et al. [15] are also 
represented for comparison. In general all curves exhibit the typical trend found in the SFE of 
edible oils, i.e. a constant period of extraction followed by a second diffusional period. In this 
work, the registered curvatures evidence kinetic limitations to mass transfer, particularly in 
Runs 5.14, 5.15, 5.17. 
5.3.3 SFE CURVES OF  Coffea spp.  
  










Figure 5.9 – SFE curves of spent coffee grounds (SCG) oil at different pressures and 
temperatures (see Table 5.3). 
 
 
Considering that pressure, flow rate, and mass of SCG bed remained constant in our 
experiments (Runs 5.14 and 5.15), the different performances are due to the influence of 
temperature (40 ºC vs. 55 ºC). It is known that this variable is usually important in SFE 
processes owing to its impact on the solubility and diffusivity of compounds. Any increase in 
temperature generates two thermodynamic opposing effects – the positive influence upon 
solute vapor pressure and negative impact on CO2 density – and also an effective diffusivity 
enhancement inside the particle. The external diffusion in the film may evidence a more 
complex dependence. The solute fluxes result obviously from the combination of these factors 
as it is analyzed in detail in the following. 
 
The oil solubility (kg m-3) can be estimated by the correlation of del Valle and Aguilera [25] as 








+ 40.361) (2) 
where density can be computed by the accurate equation of Pitzer and Schreiber [12]. The 
increment of the convective mass transfer coefficient (kf) can be estimated by the correlation of 
Wakao and Funazkri  [26]: 
Sh = 2.0 + 1.1Re0.6Sc1/3 (3) 
Here the viscosity of SC-CO2 was obtained by the equation of Altunin and Sakhabetdinov [27], 
and the diffusion coefficient (cm2 s-1) of triolein (taken as model molecule) was estimated by the 
very simple and accurate model of Magalhães et al. [28]: 
  









𝐷12 = 𝑇 (
𝑎
𝜂1
+ 𝑏) (4) 
where T is in K, viscosity in cP, and triolein constants are 𝑎 = 6.34288×10−9 and  𝑏 =
4.89262×10−8. The effective diffusivities inside the biomass particles may be estimated taking 
into account their porosity (𝜖) and tortuosity (𝜏) by 𝐷eff = 𝐷12 𝜖 𝜏⁄ . Finally, the oil flux from 
the matrix to the supercritical bulk can be predicted as a first approximation by its value at 
infinite dilution, i.e.:  
𝑁oil
∞ = 𝑘𝑓 𝜌𝐶𝑂2 (𝑦𝑠 − 0) (5) 
 
In Figures 5.10 and 5.11, the calculated results for the oil solubility, effective intraparticle 
diffusivity, convective mass transfer coefficient, and oil flux at infinite dilution are plotted. In 
order to evaluate the influence of the operating conditions upon each dependent variable, they 
are represented normalized by the same quantity at 190 bar/55 ºC (Run 5.15), giving readers 
the opportunity to capture the enhancements over the reference values. In the case of Figure 




Figure 5.10 –A) normalized oil solubility computed by the expression proposed by del Valle 
and Aguilera [25]; B) normalized intraparticle effective diffusivities calculated on the basis of the 
correlation of Magalhães et al. [28], as functions of temperature and pressure. 
 
From Figure 5.10.A  it is evident that solubility favors largely Run 5.18 in comparison to Runs 
5.14, 5.15 and 5.17, due to the chief effect of pressure; the 𝑦s values increase like Run 5.15 < 
Run 5.17 < Run 5.14 << Run 5.18 (global absolute variation = 3.43  units). On the other 
hand, the kinetics inside the particles disclosed in Figure 5.10.B emphasize that the internal 
  









limitations to mass transfer are equally important in all experiments, since there is not any 
major diffusivity jump (global variation = 0.08); however the increasing sequence of 
normalized 𝐷eff is: Run 5.14 < Run 5.18 < Run 5.17 < Run 5.15. In terms of the normalized 
convective mass transfer coefficient, Figure 5.11.A points out the following behavior: Run 5.14 
< Run 5.15 ≈ Run 5.18 < Run 5.17, though the global absolute variation is 0.25. Finally, the 
oil fluxes at infinite dilution plotted in Figure 5.11.B detach once again the importance of the 
pressure, since Run 5.15 < Run 5.14 ≈ Run 5.17 << Run 5.18 (global absolute variation = 
2.96). As a result, the distinguishing factor behind the four experiments is the solubility 
enhancement observed which affects significantly the fluxes. Moreover all runs are equally 
affected by internal and/or external limitations to mass transfer. The experimental results of 
Figure 5.9 will be now analyzed on the light of these principles. 
 
                                                     
Figure 5.11 – A) normalized convective mass transfer coefficient calculated by the correlation 
of Puiggené et al. [29]; B) normalized oil removal fluxes in the limit of infinite dilute solutions. 
 
  









Coming back to Figure 5.9, a temperature increase from 40 ºC (Run 5.14) to 55 ºC (Run 5.15) 
at 190 bar penalized the performance of the process, since the rate of extraction at 55 ºC was 
delayed in comparison to the results at 40 ºC.  While Run 5.14 yields increased progressively 
until reaching 73 % of Soxhlet value, within the 7.2 h of the extraction curve at 190 bar/55 ºC 
(Run 5.15), the highest yield attained was 61 %. These two assays denote a counterproductive 
effect of temperature on the process at this pressure, which is in great agreement with the 
indicative 𝑁𝑖
∞ results for the two runs shown in Figure 5.11.b. In this case, the solubility 
increment compensates the negative effects of the internal and external mass transfer (confront 
Figure 5.11.A with Figures 5.10.B and 5.10.A.  
 
The final yield achieved on Run 5.14 (190 bar/40 ºC) is comparable to the value obtained by 
Couto et al. [15] on Run 5.17, at 200 bar/50 ºC. On the other hand the extraction velocity 
from these authors is 60 % higher (measured by the slopes at short times), which apparently 
disagrees with the 𝑁𝑖
∞ trend suggested in Figure 5.11.B. However taking into account that the 
space time of Run 5.17 is 40 % of Run 5.14, we are farther from the infinite dilute conditions, 
which means that the real flux in our case is inferior. This fact justifies the slope of curves 5.14 
and 5.17 in Figure 5.9. 
 
When considering the extraction curve 5.18 obtained at a harder pressure condition (300 bar) 
but same temperature (50 ºC) of Run 5.17, the oil removal rate is visibly increased (3.6 times). 
In fact after 1 h of extraction the curve has already achieved a nearly flat region in the yield 
ratios range of 78-82 %. Such evidence unveils the great influence of pressure upon this SFE 
process, which is confirmed by the higher oil fluxes estimated by 𝑁𝑖
∞ (see Figure 5.11.B): 1.62 
versus 3.96. Once again the milestone effect is the solubility (see Figure 5.10.A) since the 
transport limitations are similar (see Figures 5.9.B and 5.10.A). 
 
Tryacylglicerides profiles – The fatty acids profile along time of the SCG oil obtained by 
supercritical extraction in Run 5.15 (190 bar/55 ºC) has been determined and is represented in 
Figure 5.12. The main fatty acids present in all the samples are linoleic acid (C18:2) and 
palmitic acid (C16:0), followed by oleic acid (C18:1) and stearic acid (C18:0). Other minor 
acids present in the extracts are linolenic (C18:3), and arachidic (C20:0) acids. Furthermore, 
Figure 5.12 shows that there is a small variation between the composition of individual 
supercritical extracts and that of Soxhlet. The global oil obtained by joining all SC extracts is 
also in good agreement with our Soxhlet and those reported in the literature for SCG [15, 30] 
(see Table 5.4). In general, literature results show that the fatty acids profile is independent of 
the raw material treatment (green vs. roasted), method of preparation (coffee brew vs. 
filtration), and also extraction method (Soxhlet vs. supercritical CO2). The maximum yield of 
SCG oil obtained was 15.0 % of the SCG (dry weight) which is slightly lower when compared 
to Couto et al. [15] but higher when compared to Cruz et al. [30], all within an acceptable 
range.  
  













Figure 5.12 – Fatty acids profile of Soxhlet extracted SCG oil, and of the individual 




Table 5.4 − Extraction yields and fatty acids profiles obtained in this work and taken from 
literature. Data for SFE and Soxhlet extraction. 












C16:0 37.37 37.48 46.22 36.19 32.8 
C18:0 7.07 6.02 6.87 7.59 7.1 
C18:1 8.31 9.53 8.63 11.24 10.3 
C18:2 44.67 44.52 34.36 41.45 44.2 
C18:3 1.42 0.99 1.39 0.86 1.5 
C20:0 1.16 1.46 2.53 2.68 2.6 
 (%) 15.0  18.3  12.5 
 
Diterpenes profiles – The extraction curves of Runs 5.15 and 5.16 were measured taking 
into account the trends unveiled by the design of experiments and response surface analysis 
presented in Chapter 4, namely that ethanol does decrease diterpenes concentration, 
temperature exhibits a soft influence, and pressure is an important factor (lower values are 
desirable). Therefore, the selected operating conditions were the following: pure CO2 at 
minimum and maximum pressures, 140 bar and 190 bar, respectively, and an intermediate 
  









temperature (55 ºC). These two curves allowed the diterpenes content of the cumulative 
extracts to be known and to be contrasted with the reference Soxhlet results. 
 
Figure 5.13 presents DitC  profiles as function of the spent mass of supercritical solvent. Very 
distinct profiles can be noticed both in terms of the shapes of curves, and on the concentration 
values attained. The remarkable selectivity advantages of SC-CO2 upon diterpenes become 
clearly evident as the cumulative DitC  results of the two runs overcome significantly the 
concentrations obtained by n-hexane extraction. In addition, the extraction curve measured at 
140 bar/55 ºC/0 wt.% EtOH (Figure 5.13.A) exhibits a parabolic shape that reaches a 
maximum value of 121 mg g
oil
-1  at 5.7 kgCO2, At this point, the DitC  value obtained by SFE is 4.1 
times greater than the reference from Soxhlet extraction. With regard to the measurements 
carried out at the maximum pressure, 190 bar, DitC  begins with a concentration profile (first 
point) comparable to that of the 140 bar curve, but afterwards evolves to lower values but still 
superior to Soxhlet. In this case, the curve exhibits a point of highest concentration that reaches 
95 mg g
oil




Figure 5.13 – Concentration of the most important diterpenes and total diterpenes in the 
supercritical cumulative extracts obtained along time, here expressed in terms of mass of spent 
CO2. Operating conditions: A) 140 bar/55 ºC (Run 5.16); B) 190 bar/55 ºC (Run 5.17). 
Soxhlet results are also graphed as reference (horizontal line). 
 
Concerning the individual profiles of the diterpenes, Figure 5.13 shows that their effective 
affinity to the SC-CO2 seems to follow the same trend: kahweol appears as the most abundant, 
in accordance with its concentration in the matrix (recall Soxhlet results given in Table 4.5). 
With relation to cafestol and 16-O-methylcafestol, notwithstanding the latter exists in almost 
one third of the amount of the former (see Table 4.5), they are uptaken in equivalent 
  









proportions in the supercritical extracts (see Figure 5.13). This must be intimately related with 
the fact that 16-O-methylcafestol is less polar than cafestol, which favours its affinity to pure 
CO2 (see structural formulas in Table 2.1). It is worth noting that all three molecules 
contributed roughly equally to DitC . 
 
In the whole, extraction curves using optimized operating conditions (particularly in the case of 
190 bar, 55 ºC and 0 wt.% EtOH) demonstrated the great selectivity advantages of the SC-CO2 
to produce SCG oil enriched in diterpenes. If it is true that such enhancement is obtained at 
expenses of a lower total extraction yield (in relation to Soxhlet results), it should be stressed 
that this trade-off seems to be highly favourable to SFE, as DitC  increment is within 320-410 % 
while Total  losses stay within 39-70 %. 
 
 
Quercus cerris study –  SFE curves of Q. cerris cork were measured in a 0.5 L capacity unit, at 
300 bar, 50 ºC, and a CO2 flow rate of 11 g min−1.  The work focused on the impact of the 
particle size and cosolvent concentration on total extraction yield (𝜂total) and friedelin 
extraction yield ( 𝜂friedelin). Extracts were analyzed by GC-MS. 
 
Experimental results show that, for 𝜂total, extracting cork samples of 20-40 mesh with pure 
CO2 can be comparable to extracting coarse particles (<20 mesh) with CO2 modified with 2.5 
% of ethanol, and also that doubling the ethanol content to 5.0 %, the obtained, 𝜂total is 
equivalent to further grinding the biomass to 60-80 mesh.  For 𝜂friedelin it was concluded that 
the addition of cosolvent is important to enhance the uptake of friedelin, but doubling its 
content from 2.5 to 5.0 wt.% EtOH enhances less the productivity than if the particles are 
further milled. 
 
The study of selectivity to friedelin revealed that intermediate granulometries (20-40 mesh to 
60-80 mesh) are advantageous, and that the addition of cosolvent can increase cumulative 
selectivity up to 1.2.  
 
Eichhornia crassipes study –  The measurement of an extraction curve under optimized 
conditions (300 bar and 5.0 wt.% ethanol, at 50 ºC) confirmed the reproducibility of 
experimental results, and also that sterols concentrations are higher in the first two hours of 
extraction but stabilize from the third hour of extraction onwards. 
 
Coffea spp. study - The measurement of extraction curves around preliminarily optimized 
conditions (140 bar/55 ºC/0 wt.% EtOH and 190 bar/55 ºC/0 wt.% EtOH) confirmed the 
good trends taken from the previous statistical analysis of Chapter 4, and revealed that SFE can 
5.4 CONCLUSIONS 
  









provide a DitC  enhancement ranging from 320 to 410 % at the expenses of a Total  loss within 
only 39-70 % in comparison to n-hexane extraction results. 
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6 KINETIC MODELING 
 
This chapter is mainly devoted to modeling studies of the experimental results presented in Chapter 5. In 
the whole, it encompasses an introduction based on the comprehensive review on SFE of vegetal biomass 
from 2000 to 2013 [1], followed by the SFE studies for the mentioned biomasses (E. crassipes stalks and 
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n this section an overview of SFE modeling is provided, yet specific works on this subject were 
published by Oliveira et al. [4], Sovová et al. [5] and del Valle et al. [6]. It begins with some 
considerations regarding subsidiary thermodynamic and kinetic relations usually required by 
models (subsection 6.1.1), followed by the presentation of models based on their distinct 
complexity levels (6.2.2).  
 
In general, SFE modeling analyses extraction curves from which kinetic and thermodynamic aspects 
of the processes are quantitatively obtained with great advantage for further upscaling and 
optimization studies as well as for economic assessments. Also in the scope of modeling subject, 
design of experiments and the response surface methodology have been adopted by SFE researchers 
as statistical methods that allow the disclosure of operating conditions impact on results and also 




Density (𝜌) – SC-CO2 density is perhaps the most important variable of the process from which 
experimental results are interpreted on first level, but also when more demanding calculations have 
to be performed. It can be obtained from thermodynamic tables [7] or a equations of state (EoS) 
such as the one from Pitzer and Schreiber [8]. When dealing with cosolvents such as ethanol, 
estimations can be achieved with resort to Peng-Robinson or other EoS plus mixing rules with 
adequate interaction parameters. Details are discussed by Pilavtepe and Yesil-Celiktas [9].  
 
Viscosity (μ) – The viscosities of supercritical fluids are necessary for the prediction of 
diffusivities and mass transfer coefficients, and also for hydrodynamic studies. Predictive and 
correlation methods for dense fluids are listed by Reid et al. [10],  Stephen and Lucas [11], Silva et 
al. [12], Monnery et al. [13], and Sovová and Prochazka [14]. Examples of such methods are Jossi, 
Stiel and Thodos [10], Altunin and Sakhabetdinov [15], and Vesovic and Wakeham [16]. 
 
Diffusivity (𝑫𝟏𝟐) – The calculation of diffusivities is of major importance as this property is 
required to estimate: i) effective diffusivities (𝐷eff), and linear driving force coefficients (𝑘LDF); ii) 
convective mass transfer coefficients (𝑘f), via Sherwood (Sh), Reynolds (Re) and Schmidt (Sc) 
numbers; and iii) axial dispersion coefficients (𝐷ax), via Peclet (Pe), Reynolds and Schmidt 
numbers. Several models can be found in the literature for 𝐷12 calculation: the predictive 
expressions of Lai and Tan [17], Magalhães et al. [18], Vaz et al. [19-21], Wilke–Chang [10], Zhu 
et al.[22], and the correlations of Dymond [23], Funazukuri and Wakao [24], Liu et al. [25] and 
Magalhães and coworkers [26-33]. A worth noting feature concerning the application of various 
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models of Magalhães et al. is the fact that these authors provide spreadsheets for the estimation of 
D12, which may be consulted in the supplementary material of the original papers  [21, 26-27, 31]. 
 
Convective mass transfer coefficient ( ) – Empirical relations of the type 
are generally employed and may be consulted in Oliveira et al.[4] and Sovová et al. [34]. Del Valle 
and de la Fuente [35] presented a comparison between experimental values of  in the SFE of oil 
seeds where an overestimation tendency of these methods at certain conditions is revealed. 
 
Axial dispersion ( ) – Axial dispersion coefficients in supercritical fluids can be estimated by 
nondimensional correlations listed in the review of Oliveira et al. [4]. The simplest correlations set 
axial dispersion as function of , , bed porosity ( ) and , as it is the case of Wakao and 
Funazkri [36], Catchpole et al. [37]  and Yu et al. [38]. In general, the axial dispersion is neglected 
when the rule of thumb Lb > 50 dp is obeyed, where Lb is the length of the bed and dp is the average 
diameter of biomass particles. However, even in such cases the axial dispersion term should not be 
eliminated from material balances in order to facilitate the numerical solution of the model. 
 
Solubility (yi*) – Due to the fact that natural matrices contain several compounds from different 
chemical families, solubility predictions are many times hindered by the complexity of raw 
materials and the uncertainty of interactions between existing molecules. It is common practice to 
simplify the calculation approach either by considering the oil as a single entity or by considering 
one specific solute as the unique compound to be dissolved in SC-CO2. In addition, solubility of 
edible oils is many times approximated using data from the first period of extraction of cumulative 
curves, more specifically using their slope for very low flow rates. It is worth noting this is only 
legitimate when SC-CO2 gets saturated along bed. Mention and application of this procedure can 
be found in the work of Sovová [39].  
 
The correlation (Eq. (1)) early proposed by Chrastil [40] for binary systems found great acceptance 
among researchers to estimate solubilities in SC-CO2. It was conceived from the principle that 
solute-solvent solvation complexes exist under equilibrium, so that the solubility (yi*) is as function 




𝑘1  exp (
𝑎
𝑇
+ 𝑏) (1) 
 
where  is a parameter representing the average number of CO2 molecules in the complex (also 
called association number), a1 depends on vaporization and enthalpies of the solute, and b1 is 
dependent on the solute molecular weight. To mention one example of application of this 
expression, Güçlü-Üstündağ and Temelli [41] used it to correlate the solubilities of several minor 


















Two important empirical modifications of the seminal expression of Chrastil are worth noting, one 
from Adachi and Lu [42] and the other from Del Valle and Aguilera [43]. Del Valle and Aguilera 
introduced a temperature dependence on the heat of vaporization of solute, leading to a new 









+ 𝑏) (2) 
 
This expression was correlated by the authors with solubility data of vegetable oils comprising 
triacylglycerides with 18 carbon atoms by treating the oil as a single entity. The proposed 
parameters are 𝑘1 = 10.724, 𝑎 = −18708, 𝑏 = −40.361 and 𝑐 = 2186840, for 𝑇 given in K, and 
𝑦𝑖
∗and 𝜌f  given in . 
In a different approach, Adachi and Lu [42] assumed that the association number depends upon 










+ 𝑏) (3) 
 
Several other expressions, from which some are improvements of the aforementioned ones, have 
been published in the literature. One may cite Mendez-Santiago and Teja [44], Sung and Shim [45], 
Bartle et al. [46], Kumar and Johnston [47], Yu et al. [48] , Gordillo et al. [49], and Garlapati and 
Madras [50] as examples. 
 
With regard to ternary systems, i.e. involving cosolvents, González et al [51] proposed a 
modification to the Chrastil equation so that the influence of cosolvent is included in the 
calculations through a dependence on its mass concentration ( ), and by setting an association 





𝑘′  𝑒𝑥𝑝 (
𝑎
𝑇
+ 𝑏) (4) 
 
In addition, Mendez-Santiago and Teja [52] proposed an new semiempirical density-based model 
for ternary cosolvent systems which adds a cosolvent term to their original binary expression. The 
model was subjected to modification by Sauceau et al [53] who incorporated a Clausius–Clapeyron 




=  𝑒𝑥𝑝 [
1
𝑇
(𝑎 + 𝑏 𝜌f + 𝑐 𝑦cosolv + 𝑑 𝑇)] (5) 
 
where d is a constant that in case of being null restitutes the Mendez-Santiago and Teja [52] 
expression for ternary systems; 𝑃𝑠𝑡𝑑 is a constant value for pressure under standard conditions, 1  
bar. Another modification to the Mendez-Santiago and Teja for ternary systems was published by 














equation where solubility in a mixture of SC-CO2 and cosolvent  is given by a power function that 
relates the solubility in pure CO2 (𝑦i , CO2
∗ ) with the cosolvent mass fraction ( ) as follow: 
 
𝑦𝑖
∗ = 𝑦𝑖 , CO2






where a, b and c are model constants to be fitted to experimental data. 
 
The rigorous thermodynamic approach to predict solubilities of pure solids or liquids in a 
supercritical fluid (SCF) comprises the classical isofugacity condition that results in a well-known 
equilibrium relation, reliant on Poynting factor, solute vapor pressure (𝑃𝑖
sat), fugacity coefficient 
of the solute in supercritical phase (𝜙𝑖















where ℜ is the universal gas constant. Considerations regarding the properties embodied in Eq. (7) 
are expressed in the following paragraphs. 
 
With respect to 𝑃𝑖
sat, two strategies may be adopted for its calculation, which mostly depend on 
the available knowledge about the system under study: 
i. For known systems, 𝑃𝑖
sat can be calculated by the Clapeyron equation, for which fusion 
properties of the solute and an adequate saturation curve are necessary. A more detailed 
description of this approach is given by Garnier et al. [56], who also provide a list of useful 
properties related the application of the Peng-Robinson (PR) EoS to solubility calculations 
for several solutes in SC-CO2.  
ii.  For less known systems, 𝑃𝑖
sat may be obtained through an integrated form of the Clausius-
Clapeyron equation [57], which demands solute boiling and melting temperatures, 
entropies and heat capacity changes, as well as the respective critical properties. For these, 
group contribution methods may be employed with advantage. An example of this type of 
calculation is provided in the work of de Melo et al. [58] for binary systems involving SC-
CO2 and triterpenic acids. 
Concerning 𝜙𝑖
SCF, it is computed by means of an equation of state such as PR-EoS or Redlich-
Soave-Kwong EoS, among many other possibilities. Further aspects regarding the application of the 
PR-EoS may be found in both works of Garnier et al. [56] and Melo et al. [58]. A full compilation 
of works that employ EoS to model phase equilibria of solutes in supercritical media is provided by 
Ŝkerget et al. [59] or Díaz-Reinoso et al [60], including examples employing less common EoS 













quasi-chemical nonrandom lattice fluid, regular solution model with a Flory-Huggins term, and the 
multifluid nonrandom lattice fluid. 
 
As far as 𝑉𝑖
solid is concerned, values may be obtained from available compilations of this property 
for several molecules [61-62], or, alternatively, from available databases such as RCS ChemSpider 
[63] that promptly provide predictions for a wide variety of chemical compounds. 
 
Other works have been published with alternative thermodynamic emphasis. For instance, Su [64] 
recently proposed an approach to solubility modeling through a two-parameter expression 
developed from the regular solution model coupled with the Flory-Huggins equation. The 
correlative results from this equation are comparable to those obtained with three parameters 
semiempirical equations. In addition a semiempirical correlation based on regular solution theory 
that employs the Van der Walls EoS was early published by Ziger and Eckert [65]. 
 
 
Empirical models – When results are to be described by simple mathematical expressions, 
empirical models provide easy and prompt solutions. Expressions can be found in the literature 
that easily describe the shape of SFE curves such as Subra et al. [66] and Naik et al. [67] (see Table 
6.1). These models are usually built in relation to the initial solute concentration in the matrix ( ) 
and involve an adjustable parameter that may not allow any physical interpretation. Despite being 
able to provide reliable fittings, empirical models do not allow mass transfer coefficients to be 
determined and thus are of little aid for a deep understanding of the process, namely when scale-up 
objectives are targeted. 
 
Table 6.1 – Empirical models for SFE processes. 
Name Ref Expression Eq. 




𝜂 = 𝑥0(1 − e
−K𝑡) (8) 
 
where, 𝜂 is the extraction yield,  is time, 𝑥0( is 
the concentration of the target species in the raw 
material expressed in the same units of 𝜂, and K is 
the model parameters related to the rate of 
extraction. 
 
Naik et al. [67] 
 








Simplified models – The derivation of phenomenological models for SFE processes includes rate 
equations and mass balances to both supercritical fluid and solid phases, and require kinetic and 
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6.1.2 Extraction models 
  









equilibrium data, and possibly some features of the physical structure of the matrix. Owing to the 
usual lack of information at both kinetics and equilibrium levels, and also to the implied complexity 
of natural matrices, simplified models providing approximate solutions have been published and 
adopted by research community. The application of simplified models to SFE results can provide 
useful hints regarding the limitations that prevail in a SFE process, which enable phenomena with 
insignificant importance to be discarded from future rigorous modeling. 
 
Examples of simplified models have been proposed by Martínez et al. [68], Tan and Liou [69], and 
Gaspar [70], and Crank [71], among others (see Table 6.2). Their adequacy may be tested case-by-
case upon fitting the proposed equations to experimental extraction curves. They normally 
embody one or two adjustable parameters (time or mass transfer related constants) and typically 
need at least the initial solute concentration in the biomass to be known. 
 
The Logistic model (Eq. (10)), proposed by Martínez et al. [68], neglects axial dispersion and the 
accumulation in the bed, and assumes that the interfacial mass transfer only depends on the 
composition of the extract along the process. A logistic equation, usually applied to model 
population growth, is adopted to describe the variation of the extract composition along time. The 
Desorption model (Eqs. (11)-(13)) of Tan and Liou [69] assumes no accumulation in the bed and 
that the interfacial mass transfer of the extraction is well described by a first-order kinetic 
expression whose parameter kd is the desorption constant. The Simple Single Plate model (Eq. 
(14)) (slab geometry) and the Diffusion model (Eq. (15)) (sphere particles) presented by Gaspar et 
al. [70] and Crank [71], respectively, assume also there is no accumulation in the bed nor film 
resistance to mass transfer, and that the process is governed by intraparticle diffusion. 
 
Some simplified models have been derived for specific extraction periods, as is the case of Brunner 
[72] model (Table 6.2, Eq. (16)), which relates the outlet oil concentration with the solubility in 
SC-CO2 during the first extraction period, when oil is essentially removed from the surface layers 
of the particles. This model is appropriate to constant rate extraction (CER) stages. In cases where 
the extraction curve exhibits more than one period, the complete solution is the combination of 
expressions upon the definition of characteristic times that delimit the transitions between such 
periods [73].  
 
As an alternative approach, the previous specification of different extraction stages and further 
application of simplified expressions linked with the mass transfer mechanisms that prevail in each 
of them can be advantageous. Povh et al. [74] defined extraction regions in accordance with the 
model of Sovová [75] – i.e. constant extraction rate (CER) and falling extraction rate (FER)  
periods – and applied then straight lines in order to obtain the kinetic parameters related to that 
phenomenological model. The parameters were successfully confirmed by the corresponding 
values of Sovová. 
 
  









Table 6.2 – Simplified models for SFE processes. 











1 + exp(𝑏 𝑡m)





  where, 𝜂 is the extraction yield,  is time, 𝑋0 is the concentration of the 
target species in the raw material, and  and  are the two parameters 





























  where is the CO2 mass flow rate, is the bed porosity,  is the 
extractor cross-sectional area, bw is the mass of raw material in the 


















































where a0 is the specific surface area (m
2m−3). 
 
Comprehensive phenomenological models – Despite the usefulness of simplified models for 
the collection of phenomenological insights about SFE processes, only far-reaching theoretical 
approaches allow the study of broader aspects that influence the separation performance. In this 
respect, topics like flow pattern, solute–matrix interactions, accumulation in the bed, axial 
dispersion, mass transfer resistances in series and/or in parallel may be mentioned. 
 
Cocero and Garcia proposed a model [158] describing the SFE process through a fixed bed with 
plug flow, and  linear equilibrium plus film resistance to mass transport. The set of material 






































= (𝑘f𝑎 )(𝑦 − 𝑦
∗)      
𝑦s = 𝐻 𝑦
∗                                      
 (17) 
 
where 𝑢𝑖 (m h
−1) is the superficial velocity of the fluid phase, 𝐻 is the solute partition coefficient, 
𝑦s (kg  kgbiomass
−1 ) is the solute (pseudo-component) concentration in the biomass, 𝑦 (kg m−3) is the 
solute concentration in the fluid phase, 𝑦∗ (kg m−3) is the solute solubility in the supercritical 
phase, 𝑎  (m2 m−3) is the specific external surface area, 𝑧 (m) is the axial coordinate in the bed, 𝜀𝑏 
is the bed porosity, 𝑡 (h) is extraction time, 𝜌s (kg m
−3) is the biomass (solid) density, 𝑘f (m h
−1) is 
the convective mass transfer coefficient. For the integration, the initial conditions are 𝑦 = 0 and 
𝑦s = 𝑋0 for 𝑡 = 0, where 𝑋0 is the original extractable solute amounts in the raw material, and the 
boundary condition is 𝑦 = 0 at 𝑧 = 0. The yield values are computed by material balance to the 




∫ 𝑦(𝑡, 𝑧 = 𝐿b) 𝑑𝑡
𝑡
0
  (18) 
being 𝐿b (m) the length of the extractor bed, 𝜌CO2 the density of the CO2, 𝑤b the weight of 
biomass, and 𝑄CO2 the mass flow rate of SC-CO2. 
 
The broken plus intact cells (BIC) model  proposed by Sovová [39, 75], the shrinking core model 
(SCM) from Goto et al. [76] or the combination of the latter two (SCM-BIC) as proposed by Fiori 
et al. [77] are perhaps the sound examples of SFE comprehensive modeling. The differences 
between those models rely on the conception of how extraction takes place in the solid phase.  
These models are summarized in Table 6.3. 
 
Table 6.3 – Comprehensive phenomenological models for SFE processes: BIC= broken plus intact 
cells model, SCM = shrinking core model, SC-BIC = bridged model comprising shrinking core 
and broken plus intact cells concepts. 
Model Ref Expression Eq. 
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Broken cells:   𝑔𝜌f(1 − 𝜀)
𝜕𝑥1
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= 𝑗s − 𝑗f
       















 where y is the solute fluid phase concentration, 𝑥1 and 𝑥2 are the solute 
concentration in the broken and intact cells, respectively, g is the grinding 
efficiency, 𝑗s is the flux from intact cells to broken cells, 𝑗f is the flux from 
broken cells to SC solvent, U is the interstitial velocity, 𝜌f is the solvent 
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 where 𝑘𝑓 is the convective mass transfer coefficient, 𝑎𝑝 is the particle 
specific surface area, 𝑦𝑝𝑜𝑟𝑒𝑠 is the solute concentration in the pore network, 
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 where 𝑉𝑒𝑥 is the volumetric exhaustion degree of the particle,  is the 
concentration of the solute in the raw material, k is the overall mass 
transfer coefficient (varies along r), 𝑅𝑝 is the particle radius, j is the flux 
from particles to solvent. 
 
BIC model has been the most adopted approach in SFE modeling and is devoted to matrices 
submitted to milling in which two distinct structures are left to be extracted: cells with broken 
walls and intact cells. Accordingly, it considers that solutes removal can be driven by convection 
from broken (external) cells to the supercritical phase, and/or by diffusion from inner intact cells 
to the outer broken cells. According to this model, the extraction curves are divided in three 
regions, each one characterized by the dominance of specific or combined mass transfer 
mechanisms. In this sense, the initial period is named ‘constant extraction rate’ (CER), where the 
prevailing resistance is the external film diffusion and affects mostly accessible solutes on particles 
surface. The second period is called ‘falling extraction rate’ (FER) and combines the vanishing 
contribution of the convective term of CER with the increasingly important intraparticle diffusion 
of solutes from inner intact cells. Being an intermediate region, the noticeable outcome of this 
period is a progressive decrease of the oil flux as the accessible solute from broken cells reaches 
depletion and the internal diffusion from intact cells denotes an increasing relevance for the course 
of the whole process. The final period is the one with the slowest rate because the extraction is 
uniquely based on the transport of solutes from intact cells through diffusion. This period is known 
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as DC, which stands for ‘diffusion controlled’. A summary of the mathematical formulation of BIC 
model is presented in Table 6.4 which contains an illustrative figure exhibiting the CER, FER and 
DC periods. Detailed reviews covering this issue, including all assumptions and examples of 
application, are provided by Oliveira et al. [4] and Huang et al. [78]. 
 
In a complementary study, Silva et al. [79] provided a comparison between numerical simulations 
of supercritical fluid extraction for two distinct cases: the original concept of broken plus intact 
cells where the internal mass transfer occurs in parallel or in series. The calculated results were 
compared with experimental data and showed similar performance.  Later, Passos et al. [80] 
modeled the SFE of untreated and enzymatically pretreated grape seeds, being able to demonstrate 
that the fitted BIC model parameters do reflect the internal structure changes due to hydrolysis and 
grinding efficiency.  
 
Following a different approach, the SCM assumes that there is a sharp dynamic boundary between 
the extracted and non-extracted regions of the particles, which moves towards the center as the 
extraction proceeds. The axial dispersion effect can be considered while radial dispersion is many 
times neglected if the extractor is of small diameter. Instead of relying on the concept of broken 
and intact cells, SCM simply assumes that the cells of the matrix have identical conditions in terms 
of structures and solutes concentration, and that solutes suffer an irreversible desorption from the 
matrix. As for BIC model, the full list of assumptions and examples of application of SCM can be 
consulted in the reviews of Oliveira et al. [4] and Huang et al. [78] . 
 
The premise of considering a uniform structure for the matrix is a delicate one, as natural biomass 
can easily evidence variations on its microstructure due to being composed of different 
tissues/cells, but also owing to drying and pretreatment processes. It is known that attempts to 
enhance extraction yield through acoustic waves [81] or enzymatic hydrolysis [82] pretreatments 
can substantially modify the raw material, leading to fractions of cells with eased access to solutes 
in comparison to intact cells. Adding to this remark, both SCM and BIC model assume that all cells 
of the matrix, at initial conditions, contain solute. In fact, inert or already depleted cells can be 
present and in these cases the extractable part of the matrix represents a fraction of the whole 
biomass. The chance that part of the matrix does not contribute for the extraction is not enclosed 
in any of the two phenomenological models and could be a valuable enhancement for an improved 
interpretation of the SFE. 
 
Finally, Fiori et al. [77] conceived a model that conjugates features of BIC model and SCM (SC-BIC 
model), and their combination of concepts provides novel representation possibilities for the 
particles exhaustion over time, enumerated by the authors as discrete, continuous and semi-
continuous models for solid phase. These cases combine dynamic concentration boundary with the 
distinct extraction mechanisms due to matrix cells nonuniformities described by broken or intact 
  









cells approach. The basic mathematical formulation of the SC-BIC models is given in Table 6.3. 
Broader considerations can be found in the original paper [77] and on subsequent reviews [4, 78].  
 
In view of being the most employed model, the presentation of an integrated form of BIC is 
pertinent. In this sense, Table 6.4 illustrates the various extraction periods and corresponding 
algebraic equations to model SFE. Nimet et al. [83] applied this model to ten extraction curves of 
sunflower seeds, where 𝑍,𝑊, 𝑟, 𝑦𝑜𝑖𝑙
∗ , 𝑡CER, 𝑡FER, 𝑘s𝑎 and 𝑘𝑓𝑎 are adjustable parameters. Working 
with palm oil, Jesus et al. [84] applied this integrated form of BIC to palm oil extraction curves, 
and set only 𝑘s𝑎 and 𝑘𝑓𝑎 as adjustable parameters   
 
An example of extraction curves modeling is given in Figure 6.1 for the case of SFE of rosemary 
leaves (Rosmarinus officinalis). In this work, Carvalho et al. [85] present a study where three models 
from those mentioned above (Esquível et al. [86] , SCM and BIC model) are tested against flow rate 
and bed geometry variations. From the goodness of the fitting achieved, better results are given by 
Esquível et al. equation, followed by BIC model whose representation was slightly better than 
SCM. Despite their results suggest the empirical model of Esquível et al. to be preferable, the 
nature of information that can be obtained by the two phenomenological models is of superior 
interest. In fact, they allow predictions for distinct operating conditions, being precious for 
ultimate scale-up studies where accurate simulations are fundamental. The extraction curves 
presented in Figure 6.1 provide also interesting information regarding the significant impact of 
flow rates on SFE results, as discussed in previous section, and raise geometric aspects into analysis.  
 
By applying physical models to experimental data measured in beds with different height to 
diameter (Lb/Db) ratios, Carvalho et al. [85] were able to infer how bed geometry influences 
relevant parameters like the period of constant extraction rate (tCER) and global mass transfer 
coefficient. Yield results exhibit a noticeable enhancement when beds have larger length to 
diameter values, e.g. beds that favor length in comparison to diameter. 
 
The compilation of SFE publications covered by the review of the author [1] found many examples 
of modeling. Table 6.5 provides a classification of papers with emphasis on modeling results. The 
type of approach employed is highlighted (whether empirical, simplified or comprehensive) as well 
as the designation of models employed. From Table 6.5 one can disclose that solubility modeling 
has been marginal in comparison to extraction curves studies, and also that BIC model is by far the 
most chosen to fit and interpret experimental results.  
 
* * * 
In the following sections, the two studies presented and discussed in Chapter 5 (Measurement of 
Extraction Curves) are revisited towards the kinetic modeling of the respective data. Hence, this 
chapter does not have a Materials and Methods section in the sense that all experimental data and 
respective experiments are the same previously presented (see Section 5.2).  
  









Table 6.4 – Integrated form of the broken plus intact cells (BIC) model. 
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where 𝑤′ is the solid mass in oil-free 
basis, 𝜌b is the bed density, 𝑘f𝑎 is the 
solvent phase volumetric mass transfer 
coefficient, and 𝑘s𝑎 is the solid phase 
volumetric mass transfer coefficient. 
 
















Figure 6.1 – Experimental and fitted extraction curves of rosemary leaves (Rosmarinus 
officinalis). Experiments performed at 300 bar, and 40 ºC and different flow rates: (∆, ○, ●, □)  
8.33×10−5 kg s−1 , (▲) 5.25×10−5 kg s−1. Lb is bed length and Db bed diameter. Adapted from 
Carvalho et al. [85]. 
 
 
Table 6.5 – SFE publications that comprise modeling studies. Sol = solubility, Ext = extraction. 
Matrix Scope Type of Model Model  Ref. 
Amaranth Sol Empirical Chrastil [40] [87] 
 Sol Empirical Del-Valle and Aguilera Chrastil 
modification [43] 
 
 Ext Simplified Reverchon and Osseo [88]  
Aniseed Ext Comprehensive Sovová [75] [89] 
Annatto Ext Comprehensive Sovová [75] [90] 
Annato Sol Empirical Splines [91] 
Apricot Ext Comprehensive Sovová [75] [92] 
Artemisia annua L. Ext Comprehensive Sovová [75] [93] 
 Ext Simplified Martínez et al [68]  
 Ext Empirical Esquível et al [86]  
Baccharis trimera Ext Comprehensive Reverchon [94] [95] 
 Ext Comprehensive Sovová [75]  
Baccharis trimera Ext Simplified Tan and Liou [69] [96] 
 Ext Simplified Brunner [72]  
 Ext Comprehensive Sovová [75] 
 
 
 Ext Empirical Esquível [86]  
Blac cumin Ext Statistical Neural networks + Goto et al. [76] [97] 
Black pepper Ext Comprehensive Sovová [75] [98] 
 Ext Comprehensive Ŝkerget and Knez [99]  
Borage, Primrose Ext Simplified Hong [100] [101] 
 Ext Simplified Brunner [72]  
  









Canola, Sesame Sol  BET [102] 
 Sol  Henry  
 Sol  Freundlich  
Cashew Sol EoS Peng–Robinson [103] 
Cashew Ext Comprehensive Mukhopadhyay [102] [104] 
 Ext Comprehensive Goto et al. [76]  
 Sol Empirical Chrastil [40]  
 Ext Empirical Subra et al. [66]  
Celery Ext Empirical Naik et al.  [67] [105] 
 Ext Simplified Reverchon and Osseo  [88]  
 Ext Comprehensive Sovová [75]  
Chamomile Ext Comprehensive Sovová [75] [74] 
Clove Ext Comprehensive Adaptation of Goto et al  [76] [106] 
 Ext Comprehensive Sovová [75]  
 Ext Simplified Martínez et al [68]  







 Ext Simplified Martínez et al [68]  
 Ext Simplified Crank [71]  
Cordia verbenacea Ext Simplified Crank [71] [110] 
 Ext Empirical Naik et al.  [67]  
 Ext Simplified Tan and Liou [69]  
 Ext Comprehensive Goto et al [76]  
 Ext Comprehensive Sovová [75]  
Cupuacu Ext Comprehensive Sovová [75] [111] 
Fennel Ext Comprehensive Sovová [75] [112] 
 Ext  Comprehensive Goto et al. [76]  
 Ext Simplified Tan and Liou [69]  
Fig leaf gourd Ext Comprehensive Sovová [75] [113] 
Ginger Ext Comprehensive Sovová [75] [114] 
Ginger Ext Comprehensive Sovová [75] [68] 
 Ext Approximate Martínez et al [68]  
Grape Ext Comprehensive  [80] 
Grape Ext Comprehensive  [79] 
Hazelnut Sol Empirical Chrastil [40] [115] 
 Ext  Andrich et al. [63]  
Hazelnut, Walnut Ext Comprehensive Sovová [75] [116] 
Hypericum 
caprifoliatum  
Ext Simplified Tan and Liou [69] 
[117] 
 Ext Comprehensive Reverchon [94]  
 Ext Comprehensive Sovová [75]  
Hyssop Ext Comprehensive Sovová [39] [118] 
Jalapeño Ext Comprehensive Sovová [75] [119] 
Lavender Ext Comprehensive Akgun [117] [120] 
  









Marigold Ext Comprehensive Sovová [75] [121] 
Marigold Ext Comprehensive Sovová [75] [122] 
 Ext Simplified Martínez et al [68]  
 Ext Simplified Tan and Liou [69]  
 Ext Simplified Gaspar et al. [70]  
 Ext  Reverchon [94]  
Marigold Sol Empirical Chrastil [40] [123] 
Neem Ext Comprehensive Goto et al [76] [124] 
Neem Ext Comprehensive Goto et al [76] [125] 
Nutmeg Ext Comprehensive Sovová [75] [126] 
 Ext Comprehensive Goto et al [76]  
Orange Ext Comprehensive Sovová [75] [127] 
Oregano Ext Simplified Adaptation from Bartle  et al [128] [70] 
 Ext Simplified Gaspar et al. [70]  
Oregano Ext Statistical/Empirical Stepwise regression [129] 
Palm Ext Comprehensive Sovová [75] [130] 
Paprika Ext Comprehensive Sovová [75] [131] 
Parsley Ext Simplified Reverchon and Osseo  [88] [132] 
 Ext  Naik et al. [67]  
 Ext Comprehensive Sovová [75]  
 Ext Comprehensive Adaptation from Sovová [75]  
Peach Ext Comprehensive Sovová [75] [133] 
 Ext  Simplified Martínez et al [68]  
 Ext Simplified Crank [71]  
 Ext Simplified Campos et al. [122]  
 Ext Simplified Kitzberger et al. [134]  
Pupunha Ext Simplified Tan and Liou [69] [135] 
Rapeseed Ext Comprehensive Goto et al [76] [136] 
Red pepper Ext  Peker et al. [665] [137] 
Rice  Ext Simplified Brunner  [72] [138] 
Rosemary Ext Simplified Crank [71] [85] 
 Ext Comprehensive Sovová [75]  
 Ext Comprehensive Goto et. Al. [76]  
 Ext Empirical Esquível et. al. [86]  
 Ext Simplified Tan and Liou [69]  
 Ext Simplified Martínez et al [68]  
Rosemary Ext Comprehensive Sovová [75] [139] 
Sacha inchi Sol Empirical Chrastil [40] [140] 
Safflower Ext Comprehensive Sovová [75] [141] 
Schisandra chinensis   Straight  lines [142] 
Shiitake mushroom Ext Comprehensive Sovová [75] [134] 
 Ext Simplified Martínez et al. [68]  
 Ext Simplified Tan and Liou [69]  
 Ext Simplified Crank [71]  
 Ext Comprehensive Goto et al. [76]  
 Ext Empirical Esquível et al. [86]  
  









Spanish sage Ext Comprehensive Sovová [75] [143] 
Spearmint Ext Comprehensive  [144] 
Stevia Ext Comprehensive Sovová [75] [145] 
Sunflower Ext Approximate Andrich et al [63] [146] 
 Sol Empirical Chrastil [40]  
 Sol Empirical del Valle and Aguilera [43]  
 Sol Empirical Yu et al [48]  
Sunflower Ext Comprehensive Sovová [75] [147] 
 Ext Comprehensive Catchpole [148]  
Sunflower Ext Comprehensive  [149] 
Thyme Ext Comprehensive Goto  et al [76] [150] 
Thyme Ext Simplified Reverchon et al. [151] [152] 
Tomato Ext Simplified Brunner [72] [153] 
Tomato Sol Empirical Chrastil [40] [154] 
Turmeric Ext Simplified Tan and Liou [69] [155] 
Valerian Ext Comprehensive  [156] 





Aiming at the disclosure of the dominant mechanisms of the SFE process, the extraction curves 
measured at lab scale were studied with simple expressions:  
 
i) two models that exclusively focus on intraparticle diffusion, namely the Diffusion 
model for spherical particles [159] (DFM) and the Single Simple Plate model (SSPM) 
for slab geometry [70];  
 
ii) A model applied by Cocero and Garcia [158] that conjugates linear SC-CO2/solid 
equilibrium (i.e., solute-matrix interaction exists) and film resistance, henceforth called 
LEFM;  
 
iii) a more comprehensive modeling approach, the integrated broken plus intact cells (BIC) 
model, which can be employed with advantage to obtain richer insights about the global 
mass transfer phenomenon, including kinetics, thermodynamics and biomass features. 
 
With the aim of studying the impact of the operating conditions on the kinetics, thermodynamics, 
and selectivity of the SFE, the integrated broken plus intact cells (BIC) model was applied to the 
6.2 MODELING 
6.2.1 SFE CURVES OF Eichhornia  crassipes  
6.2.2 SFE CURVES OF Quercus cerris  
  









extraction curves measured at lab scale. BIC model was initially proposed by Sovová [75, 160] and 




Simplified models – The three models based on the simplest assumptions (LEFM, DFM and 
SSPM) were used to represent the six SFE runs. Driven by the noticeable distinct plateaus 
evidenced by the experimental data depending on the usage (Runs 5.12-5.13) or not (Runs 5.8-
5.10) of cosolvent, two 𝑋0 adjustable parameters were admitted for each model.  
 
Concerning the fitting of DFM and SSPM, which rely solely on intraparticle diffusion mechanism, 
Runs 5.8 to 5.10 shared the same 𝐷m since 𝑃 and 𝑇 are constant on those assays. As for Runs 5.11 
to 5.13, individual fittings of 𝐷m were accomplished since changes in pressure and/or ethanol 
content affect the diffusion coefficients. The fitting parameters were, in these cases, 𝐷𝑚/𝐿𝑝
2  and 
𝑋0 for SSPM, and 𝐷𝑚/𝑅𝑝
2 and 𝑋0 for DFM. In the case of LEFM the volumetric convective mass 
transfer coefficient (𝑘f𝑎) was fitted individually to each data series, while the equilibrium partition 
coefficient (𝐻) was grouped for each fixed set of (𝑃, 𝑇, ethanol content) conditions, i.e. four 𝐻 
parameters were used for the six Runs (note that 𝑋0 is the third parameters as mentioned above). 
The overall results achieved by the simplified models are reported in Table 6.6 for 𝜂total and in 
Table 6.7 for 𝜂stigm, together with the average deviations (AARD) and the determination 
coefficients (𝑅2) of the fittings. In addition, the experimental data and calculated results of 𝜂total are 
plotted in Figure 6.2 for Runs 5.8 to 5.10. In turn, Figure 6.3 illustrates the fittings attained for 
𝜂stigm for Runs 5.11 and 5.12. 
 
With regard to 𝜂total, equivalent fittings were attained by SSPM, DFM, and LEFM. Taking the joint 
AARDs, the overall values range from 3.43 % for Runs 5.12-5.13 (using SSPM) to 7.89 % for 
Runs 5.8-5.11 (using DFM). In terms of the determination coefficients, all curves exhibited scores 
above 97 %. It is worth noting that two distinct 𝑋0 intervals were obtained as expected in advance 
for experiments with and without ethanol, namely: 0.00760-0.00829 kg kg−1 (for Runs 5.8-5.11) 
and 0.01270-0.01694 (for Runs 5.12-5.13). This finding is naturally related to the solubility 
enhancement caused by cosolvent addition, which increases the affinity of the supercritical mixture 
to the polar solutes of the biomass. Accordingly the optimized 𝑋0 values refer to extracts of quite 
distinct chemical composition, reason why their direct comparison may have no strict equivalent 
basis. A final remark on LEFM model comprises the capability of correctly predicting the trend of 
𝑘f𝑎 increment as 𝑄CO2 is increased. In fact, a great jump was observed between Run 5.8 and Run  
6.3 RESULTS AND DISCUSSION 
6.3.1 SFE OF Eichhornia  crassipes  
  










Table 6.6 – LEFM, SSPM and DFM adjusted parameters and fitting indicators applied to experimental 𝜂total data. 
   LEFM  SSPM  DFM 
Exp. 
𝑋0 








































Run 5.9 0.2549 98.29 4.22  99.78 2.77  0.9994 1.92 
Run 5.10 0.3015 97.03 6.74  99.13 8.36  0.9991 4.14 
Run 5.11 0.5919 0.2760 98.87 4.21  0.0458 99.25 1.51  0.0398 0.9981 2.77 
Run 5.12 
0.01270 








0.0170 0.9960 4.41 
5.37 
Run 5.13 0.8135 0.4225 99.98 8.95  0.0330 99.60 4.03  0.0148 0.9941 6.33 
 
 
Table 6.7 – LEFM, SSPM and DFM adjusted parameters and fitting indicators applied to experimental 𝜂stigm data. 
   LEFM  SSPM  DFM 
Exp. 
𝑋0 







































6.00 Run 5.9 0.1626 99.26 5.27  99.88 3.91  99.86 3.70 
Run 5.10 0.1996 97.86 4.27  98.60 6.55  98.95 6.44 
Run 5.11 0.7657 0.4575 99.01 3.28  0.0605 99.94 1.15  0.0409 99.20 1.66 
Run 5.12 
0.0023 








0.0443 99.73 3.24 
2.63 
Run 5.13 1.5265 0.3278 99.05 9.89  0.0554 99.98 5.02  0.0423 99.88 2.02 
  









5.9 (𝑘f𝑎 = 0.1287 h
−1 vs. 𝑘f𝑎 = 0.2549 h
−1, respectively), which corroborates the trends 
discussed in Section 5.3.2  about the evolution of the extractions curves. The coefficient for Run 




Figure 6.2 - Total yield of SFE of E. crassipes along time for 250 bar, 0 wt.% ethanol and 𝑄CO2 =
5.0 g min−1 (Run 5.8); 250 bar, 0 wt.% ethanol and 𝑄CO2 = 7.5 g min
−1 (Run 5.9); and 250 bar, 0 
wt.% ethanol and 𝑄CO2 = 10.0 g min
−1 (Run 5.10. Lines: modeling results achieved by Eqs. (14), 
(15), (26) to (34). 
 
With respect to the intraparticle diffusion models (SSPM and DFM), they exhibited a better global 
representation of the experimental 𝜂total curves (comparing to LEFM) when cosolvent was used 
(Runs 5.11-5.12) than in the pure CO2 assays (Runs 5.8-5.11). In addition, SSPM led to AARD 
values slightly lower than DFM: 3.43 % vs. 5.37 % for Runs 5.12 and 5.13, and equivalent for 
Runs 5.8 to 5.11 (7.31 % vs. 7.89 %, respectively). Hence, these results suggest a similar adequacy 
of both particle geometries. It is worth noting the individual AARDs obtained by SSPM and DFM 
for Run 5.8 are clearly higher than the remaining ones: 14.24 % against 1.51-8.36 % (SSPM), and 
22.70 % against 1.92-6.33 % (DFM). This highlights the existence of important external transport 
limitations when working at the superficial velocity of Run 5.8, which is in accordance with the 
values of the fitted 𝑘f𝑎 of LEFM discussed above. This implies that the optimized 𝐷𝑚 values of 
  









SSPM and DFM for Runs 5.8-5.11 may be underestimated because 𝐷m/𝐿p
2  and 𝐷m/𝑅p
2 appear as 
lumped kinetic parameters of Eqs. (14) and (15). 
 
With relation to 𝜂stigm, identical conclusions can be drawn regarding the equivalent fitting 
adequacy of the three simplified models: LEFM (AARD=5.73-6.78 %), SSPM (AARD=3.43-7.31 
%), and DFM (AARD=5.37-7.89 %). A noteworthy feature of SSPM comprises the higher values 
of the intraparticle diffusion coefficients of stigmasterol in relation to the overall extracts. In fact, 
the fitted 𝐷m/𝐿p
2 of stigmasterol is 0.0616 h−1/0.0537 h−1 = 1.2 times greater in the case of Runs 
5.8 to 5.10, 1.3 in Run 4, 2.0 in Run 5.12, and 1.7 in Run 5.13. Such superiority confirms a 
kinetic selectivity for stigmasterol in relation to the remaining extractable compounds, which is in 
agreement with exploratory results already published on SFE of E. crassipes [162]. Nevertheless, the 
same modeling results also suggest a kinetic selectivity gain through the reduction of pressure, 
namely 1.2 (250 bar, Runs 5.8 to 5.10) < 1.3 (200 bar, Run 5.11), and an optimum value as 
ethanol is progressively added: 1.2 (0 wt.% Ethanol, Runs 5.8 to 5.10) < 2.0 (5.0 wt.% Ethanol, 




Figure 6.3 − Stigmasterol extraction yield of SFE of E. crassipes along time for 200 bar, 0 wt.% 
ethanol and 𝑄CO2 = 7.5 g min
−1 (Run 5.11); and 250 bar, 5 wt.% ethanol and 𝑄CO2 =
7.5 g min−1 (Run 5.13) Lines: modeling results achieved by Eqs. (14), (15), (26) to (34). 
 
 
Broken plus intact cells (BIC) model - With regard to the application of this comprehensive 
model, the six experimental runs were simultaneously used for fitting 𝜂total and for fitting 𝜂stigm. 
The overall results are given in Table 6.8 for 𝜂total and in Table 6.9 for 𝜂stigm, particularly the 
correlated parameters: 𝑋0, solubility (𝑦
∗ ), broken cells fraction (𝑔), volumetric convective mass 
transfer coefficient (𝑘f 𝑎), and volumetric intact cells mass transfer coefficient (𝑘s𝑎). 
  









Table 6.8 – BIC model adjusted parameters and fitting indicators applied to experimental 𝜂total data. 
 Fitted Parameters 
AARD(%) 





















 0.9317 1.9967 
Run 5.9 4.455 3.83  0.2874 0.9534 
Run 5.10 17.49 1.62  0.0732 0.5555 





5.14  0.0741 1.3427 
Run 5.13 25.90 0.000418 3.96  0.0859 1.3353 
 
 
Table 6.9 – BIC model parameters and fitting indicators applied to experimental 𝜂stigm data. 
 Fitted Parameters 
AARD(%) 





















 0.5753 1.4692 
Run 5.9 50.40 3.20  0.0205 0.5729 
Run 5.10 114.66 5.67  0.0090 0.4069 





3.16  0.0356 0.7453 













As noticeable in both tables, several of the five adjusted parameters are shared by two or more 
experimental runs. In fact only 𝑔 was held constant for the six assays, since all biomass was 
submitted to the same grinding process and was uniformly divided in various samples for 
subsequent SFE. Therefore, as variations on the broken cells fraction are not expected to occur 
within this study, only one degree of freedom was left for the six assays. In addition, 𝑋0 and 𝑘s𝑎 
were shared by runs following a criterion of whether cosolvent was used (Runs 5.12 and 5.13) or 
not (Runs 5.8 to 5.11). This decision took into account the previous insights from simplified 
models results, particularly in relation to 𝑋0. Moreover, the solubilities were grouped based on the 
different combinations of CO2 pressure + ethanol content, which implied that Runs 5.8 to 5.10 
possess only a single parameter. Finally, an individual convective coefficient was adjusted for each 
experimental run as this factor is influenced by pressure, flow rate, and/or ethanol content. In 
view of the simultaneous fitting of the model, an overall AARD was calculated for each response, 
being attained AARD= 4.20 % for 𝜂total, and 4.02 % for 𝜂stigm. 
 
Despite the fact that the broken cells fractions (𝑔) was fitted once to each response, the values 
were 0.507 (based on 𝜂total data) and 0.592 (based on 𝜂stigm data), which represents deviations of 
only 9.2 % from their average. As far as 𝑋0 is concerned, the BIC model results led to quite distinct 
values depending on the usage of ethanol as cosolvent: 0.00830 kg kg−1 (0 wt.% ethanol) vs. 
0.01280 kg kg−1 (5.0 wt.% ethanol) for 𝜂total, and 0.00191 kg kg
−1 vs. 0.00238 kg kg−1 for 
𝜂stigm, respectively. Since these results are different between each other and also distinct from the 
reference Soxhlet values (𝜂total = 0.0190 kg kg
−1 and 𝜂stigm = 0.0030 kg kg
−1 using 
dichloromethane [163]) it should be pondered if it is realistic to assume that the absolute content of 
extractives typically determined by Soxhlet is applicable to SFE processes. The same finding has 
been already reported in the literature [164-166]. One may cite, for instance, the SFE of eucalypt 
bark (𝜂total = 0.0150 using dichloromethane in a Soxhlet vs. 𝜂total = 0.0120 kg kg
−1 for SFE  
[164]); and Quercus cerris cork (𝜂total = 0.0402 kg kg
−1 using dichloromethane in a Soxhlet versus 
𝜂total = 0.0113 kg kg
−1 for SFE [166]). Such yield assumption may have a significant impact on the 
goodness of the fittings achieved by the models adopted to describe experimental curves, as well as 
it may distort the magnitude of other parameters at the expenses of providing the best possible 
fitting. 
 
With reference to the volumetric convective coefficients (𝑘f𝑎), the BIC model was able to provide 
increasing parameters for the progressive flow rate increments of Runs 5.8 to 5.10, which is 
qualitatively correct. As has been mentioned above, when the parameters of both 𝜂total and 𝜂stigm 
responses are compared, one verifies that the kinetic selectivity advantage discussed before is once 
again confirmed: the obtained  𝑘f𝑎  is 1.31 greater (for 𝜂stigm in relation to 𝜂total) in the case of 
Run 5.8, and 11.3, 40.1, 21.8, 1.02 and 0.68 for Runs 5.9 to 5.13, respectively. From these ratios 
one may infer how the kinetic selectivity to stigmasterol can be favored by the proper selection of 
flow rate (5.0 g min−1 is much worse than 7.5 and 10.0 g min−1), the usage of a lower pressure 
(200 bar), and through the avoidance or a moderate usage of ethanol, which breaks the natural SC-
  









CO2 selectivity appetence due to the polarity tuning. Nevertheless, all these remarks should be 
crossed with the impact of the pressure and ethanol content on solubility. In fact, while for the bulk 
extract the solubility values were similar (from 0.000398 to 0.000411), variations in the order of 
magnitude were attained for stigmasterol, with the major reductions being observed in Run 5.13, 
where 300 bar and 5.0 wt.% ethanol provided a 23.6 % lower 𝑦∗  than for Runs 5.8 to 5.10. 
Likewise 200 bar and 0 wt.% ethanol (Run 4) provided a 26.9 % lower  
𝑦∗  than for Runs 1 to 3. In opposition, the combined conditions of 5.0 wt.% ethanol and 250 bar 
showed to cause an increase of 15.9 % in 𝑦∗ . For these reasons, one may conclude that the 
aforementioned selectivity advantage is being driven by kinetic rather than by solubility 
enhancements. 
 
Since one of the premises of the BIC model is related to the existence of three periods of 
extraction, implying distinct removal rates and resistances to mass transport, the characteristic 
times 𝑡CER (end time of constant extraction rate period) and 𝑡FER (end time of falling extraction 
rate period) were calculated from the fitted parameters (Eqs. (32) and (33)), being reported in 
Tables 6.8 and 6.9 for each response. With regard to 𝑡CER, it is noteworthy how the increase of 
flow rate led to a decrease of 𝑡CER values in both 𝜂total and 𝜂stigm. For instance, in 𝜂total the pace of 
this decrease was 0.9317 h > 0.2874 h > 0.0732 h for Runs 5.8 to 5.10, respectively. Besides this 
decrease in 𝑡CER, a shortening of 𝑡FER was also correspondingly noticed: 1.9967 h > 0.9534 h > 
0.5555 h. Accordingly, still for 𝜂total, one gets: 𝑡FER − 𝑡CER = 1.065 h for Run 5.8, 0.6660 h for 
Run 5.9, and 0.4823 h for Run 5.10, which implies that from the lowest flow rate (Run 5.8) to the 
highest one (Run 5.10) the process evolves quickly from the initial maximum rate extraction 
period to a point where the extraction is governed solely by intraparticle diffusion (𝑡 > 𝑡FER). 
These findings rely on the fact that from Runs 5.8 to 5.10 the characteristic time for film diffusion 
(𝑑p 𝑘f⁄ ) is decreasing because the increment of flow rate reduces the thickness of the boundary 
layer around biomass particles, which subsequently enhances 𝑘f. 
 
Despite 𝑡CER and 𝑡FER were commented for 𝜂total, the same reasoning can also be applied to 𝜂stigm 
and the same trends discussed above can be confirmed. In any case, it is worth noting that for 
𝜂stigm the values of 𝑡CER and 𝑡FER are even smaller than those for 𝜂total. Hence, the extraction 
periods for stigmasterol removal seem to suffer an anticipation in relation to the generic extract 
removal, which suggests that shorter extraction times tend to favor the enhanced extraction of this 
sterol in relation to the uptake of other extractives, thus reducing the operating costs of a future 


















Broken plus intact cells (BIC) model - With reference to the application of the integrated 
broken plus intact cells (BIC) model to this matrix, the experimental 𝜂total and 𝜂friedelin data 
were modeled at the same time. This decision was driven by the fact that grinding and bed related 
parameters are common to several runs of both functions, and thus their fitting should 
simultaneously take into account all measured curves. In practice, this led to adjusting 14 
extraction curves at the same time, with one 𝑔 parameter for each grinding degree: >80 mesh, 60-
80 mesh, 40-60 mesh, 20-40 mesh, and coarse particles (<20 mesh), according to the following 
restriction. With the objective of reducing the number of adjusted parameters, the following fitting 





+ 𝑔2 (36) 
where 𝑑p is the average particle size of the biomass, in mesh units.  
 
Moreover runs for equal 𝑃 − 𝑇 − 𝑥EtOH conditions must have the same solubility constant. This 
implied that, for each response (total yield or friedelin yield), three 𝑦∗ values were considered: 
one for Runs 5.1 to 5.5, one for Run 5.6 and one for Run 5.7. The same decision was adopted 
regarding the practical absolute extractives content (𝑋0), based on realistic considerations already 
discussed elsewhere in the literature  [2, 164-166]. Finally, the transport coefficients, namely film 
(𝑘f𝑎) and intraparticle volumetric (𝑘s𝑎) coefficient, were fitted independently to each curve and 
each response in light of the fact they depend on both 𝑃 − 𝑇 − 𝑥EtOH conditions and average 
particle sizes. 
 
The modeling results are furnished in Tables 6.10 and 6.11, where it can be noticed that overall 
deviations (AARD) remained as low as 4.43 % for 𝜂total and 4.25 % for 𝜂friedelin. Despite these 
values, higher deviations were observed in some assays, with emphasis to Run 5.5, the one 
involving coarse particles, which scored AARD values of 13.72 % and 9.58 %, respectively.  The 
quality of the fittings can be visually checked in Figures 6.4 and 6.5, for Runs 5.1 to 5.7 and both 
responses. It is clear how the BIC model describes correctly the trends of the experimental data, 
and also how the different extraction rate periods become more perceptible observing the 
predicted yields of each response. 
 
With respect to the fraction of broken cells, 𝑔, the fitted constants were 𝑔1 = -3.5455 and 𝑔2 = 
0.7832, which means 𝑔 values between 0.43 (Run 5.5, coarse particles) and 0.74 (Run 5.1, >80 
mesh). Due to Eq. (36), coherent results were obtained, namely progressively higher 𝑔 values as 
cork cells became more disrupted, and thus more accessible to the supercritical solvent medium. 
 
6.3.2 SFE CURVES OF Quercus cerris 
  









As far as 𝑋0 is concerned, the magnitudes of their values suggested different insights depending on 
the considered yield. For instance, in the case of 𝜂total, a greater value of 𝑋0 was obtained for assays 
involving ethanol, namely 0.0340 kg kg−1, against 0.0170 kg kg−1 for pure CO2. Simultaneously, 
the values of 𝑋0 for 𝜂friedelin suggest that the practical content of friedelin in the samples also 
increase if ethanol is used: 0.0074 kg kg−1, when operating with ethanol (Runs 5.1-5.5 and 5.7) vs. 
0.0046 kg kg−1 if not.  
 
Also related to ethanol content are the fitted solubility values, 𝑦∗, for the total extract. The 
modeling results show that this cosolvent is able to increase the global 𝑦∗ from 0.0098 (value for 
pure CO2) to 0.0152 (for 5.0 wt.%), with the intermediate content of ethanol (2.5 wt.%) scoring 
closer to the value of pure CO2. Concerning friedelin solubility, the fitted values for pure CO2 and 
2.5 wt.% ethanol are close to each other, ranging from 0.0019 to 0.0020, respectively, jumping 
then to 0.0033 when CO2 is further modified to 5.0 wt.% of ethanol. 
 















Run 5.1 > 80 2.5 0.333 0.0076 0.74 13.2 0.0340 0.98 
Run 5.2 60-80 2.5 0.293 “ 0.73 5.96 “ 2.97 
Run 5.3 40-60 2.5 0.197 “ 0.71 6.64 “ 2.83 
Run 5.4 20-40 2.5 0.130 “ 0.67 2.93 “ 5.72 
Run 5.5 Coarse 2.5 0.087 “ 0.43 6.10 “ 13.72 
Run 5.6 20-40 0.0 0.106 0.0098 0.67 6.16 0.0170 2.61 
Run 5.7 20-40 5.0 0.117 0.0152 “ 12.9 0.0340 1.71 
Total        4.43 
 
(*)This column of 𝑔 values was computed from Eq. (36).𝑔 was fitted simultaneously to 𝜂total 
and 𝜂friedelin data giving rise to 𝑔1= -3.5455 mesh and 𝑔2 = 0.7832. 
 
 















Run 5.1 > 80 2.5 0.147 0.0020 0.74 13.9 0.0074 6.49 
Run 5.2 60-80 2.5 0.240 “ 0.73 10.2 “ 1.36 
Run 5.3 40-60 2.5 0.136 “ 0.71 14.5 “ 5.40 
Run 5.4 20-40 2.5 0.115 “ 0.67 4.77 “ 3.30 
Run 5.5 Coarse 2.5 0.045 “ 0.43 14.1 “ 9.58 
Run 5.6 20-40 0.0 0.096 0.0019 0.67 8.48 0.0046 1.36 
Run 5.7 20-40 5.0 0.089 0.0033 “ 9.56 0.0074 1.89 
Total        4.25 
 
(*)This column of 𝑔 values was computed from Eq. (36).𝑔 was fitted simultaneously to 𝜂total 
and 𝜂friedelin data giving rise to 𝑔1= -3.5455 mesh and 𝑔2 = 0.7832.  
 
  












Figure 6.4 − Cumulative curves of total extraction yield (𝜂total) of Q. cerris biomass for: A) 
different particle size ranges at fixed 2.5 wt.% of ethanol; B) different cosolvent concentrations at 
fixed particle size range of 20-40 mesh. Pressure, temperature and flow rate were held constant in 
















Figure 6.5 − Cumulative curves of friedelin extraction yield (𝜂friedelin) of Q. cerris biomass for: 
A) different particle size ranges at fixed 2.5 wt.% of ethanol; B) different cosolvent concentrations 
at fixed particle size range of 20-40 mesh. Pressure, temperature and flow rate were held constant 
in 300 bar, 50 ºC and 11 g min−1. Symbols: experimental data; lines: modeling results. 
  
  









With respect to the film mass transfer coefficients (𝑘f𝑎), the impact of ethanol content seems 
negligible in comparison to the effect of particle size. Accordingly, for 𝜂total response and assays 
sharing the same average particle sizes (Runs 5.4, 5.6 and 5.7; 20-40 mesh), the attained 𝑘f𝑎 values 
range from 0.106 to 0.130 h-1, while between particles sizes under the same ethanol modification 
(Runs 5.1 to 5.5; 2.5 wt.% EtOH) this parameter changes from 0.087 h-1 to 0.333 h-1 . Similar 
trends are observed for 𝜂friedelin.  These results can be crossed with the dimensionless correlations 
for convective mass transfer coefficient of the type Sh =  𝛼ReβScγ, where 𝛼, β and γ are constants. 
For two assays involving the same 𝑃 − 𝑇 − 𝑥EtOH and flow rate conditions but different particle 










Moreover, taking into account that the adjusted parameters in BIC model were 𝑘f𝑎 (having h
-1 
units) and that the surface-area-to-volume ratio is 𝑎 = 3/𝑑p for spherical particles, the previous 










As a result, assuming that β = 0.8 [4], for a jump like those between 20-40 mesh (Run 5.4) to 60-
80 mesh (Run 5.2), a score of (𝑘𝑓𝑎)60−80 mesh (𝑘𝑓𝑎)20−40 mesh⁄  = 3.5 can be anticipated. If 
computed using the adjusted parameters, the respective ratio scores 0.293/0.130 = 2.3 for 
𝜂total and 0.240/0.115 = 2.1 for 𝜂friedelin. Notwithstanding the introduced approximation of 
perfect spheres and the accuracy of the dimensionless correlations, such ratios evidence the 
significant increase of the film mass transfer coefficient when average particle size decreases. 
 
In terms of the internal transport, and again for 𝜂total, advantageous 𝑘s𝑎  values were attained for 
the assays having the highest amount of ethanol (5.0 wt.%) or the lowest particle size (> 80 mesh), 
which scored 0.129 h−1 and 0.132 h−1, respectively. Likewise observed for 𝑘f𝑎, the values of 𝑘s𝑎  
reveal a greater dependence on particle size: a variation from 0.0293 to 0.132 h-1 was attained for 
the 2nd highest (Run 5.4) and smallest (Run 5.1) particle size assays, respectively. Hence, these 
results clearly indicate that particle size considerably penalize the rate of removal of solutes from 
the interior of the biomass particles. In order to interpret these trends in light of existing 
knowledge, the observed behavior of 𝑘s𝑎 might be checked against the expression of the linear 
driving force (LDF) mass transfer coefficient (𝑘LDF , h
−1) given by [167]: 
 














where 𝐷𝑒 is the effective solute diffusivity and 𝑅p = 𝑑p 2⁄  is particle radius. Likewise done for 𝑘f𝑎, 
this equation can be manipulated for two assays involving the same 𝑃 − 𝑇 − 𝑥EtOH and flow rate 










Owing to the fact that 𝑘LDF  has a correspondence to 𝑘s𝑎, a jump like that between 20-40 mesh 
(Run 5.4) and 60-80 mesh (Run 5.2) is expected to score 8 using Eq. (40). Accordingly, if 
computed through the adjusted 𝑘s𝑎 the same ratio scores 2.0 for 𝜂total, and 2.1 for 𝜂friedelin. 
Although the LDF model has been derived for adsorption processes and its validity requires that the 
intraparticle concentration profiles are well developed (parabolic) [167-168], the above mentioned 
results clearly show that our experimental trend is in accordance with theory. 
 
Analysis of extraction periods − The objective of this section is to disclose the results of 
characteristic extraction periods defined by the BIC model: CER, FER and DC (as described in 
Table 6.4), with a special emphasis on the former. In this respect, Figure 6.6 presents the 
predicted lengths of each period for the bulk extract, being graphically organized in terms of 
particle size (Figure 6.6.A) and ethanol content of the supercritical solvent (Figure 6.6.B).  
 
To begin with, results clearly show a decrease of CER period as the particle size of cork samples 
becomes smaller. Globally, CER period duration is shortened from more than 6 h (Run 5.5, coarse 
particles) to 0.8 h (Run 5.1, >80 mesh). It is known that grinding plays an important role on the 
accessibility of supercritical solvent to the extractives, leading to a faster uptake of these. On the 
other hand, the most favourable extraction times for industrial SFE processes are usually in the 
vicinity of the CER period end [169-171]. Moreover, it is frequently found in semi-continuous 
operation with beds in parallel that the minimum switching time between cycles (to decompress, 
unload and reload the biomass, and repressurize) is about 1 h [172-173]. Taking this into account 
the CER time of Run 5.1 (>80 mesh) falls below this value, implying that the process will enter in 
the DC period before finishing the preparation of the second bed.  
 
With regard to the impact of the cosolvent, modeling results show that the CER period can be 
shortened also through the use of pure SC-CO2 (under identical 𝑃 − 𝑇 and particle size conditions), 
leading to only 1.4 h (Run 5.6).  In contrast, the assay for 5.0 wt.% (EtOH) exhibited a shorter 
CER period in relation to 2.5 wt.%, scoring in turn 1.7 h.  In general, it should be noted that the 
duration of the CER period is not conclusive regarding how much extractives can be attained. For 
this reason, Figure 6.7 presents quantitative data specifically for CER period and bulk extract 
(𝜂total), opening the way to a full assessment of the impact of the different operating conditions 
during this period. Accordingly Figure 6.7.A presents the extraction rates (left side axis, depicted 
in grey) and accumulated yields by the end of CER period (right side axis, depicted in orange) for 
  









different cork particle size ranges, and Figure 6.7.B shows the same data but for different 𝑥EtOH 
values.    
 
Figure 6.6 − Lengths of the BIC model extraction periods for the bulk extract as function of: A) 
different particle size ranges at fixed 2.5 wt.% of ethanol (Runs 5.1 to 5.5); B) different cosolvent 
concentrations at fixed particle size range of 20-40 mesh (Runs 5.4, 5.6 and 5.7). Pressure, 
temperature and flow rate were held constant in 300 bar, 50 ºC and 1 g min−1.  (CER - constant 
extraction rate period; FER - falling extraction rate period, DC - diffusion controlled period). 
 
As expected, the rates of extraction during the CER period follow a trend imposed by the particle 
sizes which is clearly visible from the slopes in Figures 6.4.A:  greatly ground particles (from Run 
5.5 to 5.1) enable higher extraction rates, from 0.1 to 1.1 wt.% h-1 , respectively. Accordingly, 
while in theory when particles become small enough the process reaches a maximum ruled by 
solubility limitations, such was not noticed in any of the runs, especially between Runs 5.1 and 5.2, 
those involving the smallest particle sizes. Nevertheless, the assay where coarse particles were 
employed (Run 5.5) exhibits an extraction rate that is one order of magnitude lower than those of 
the assay with the smallest particles (Runs 5.1), thus showing its extended  𝑡𝐶𝐸𝑅 (see Figure 5) is 
due the slow kinetics of the process. Remember that for this assay, 𝑘f𝑎 reached the smallest value 
of all experiments, 0.087 h-1 (see Table 6.10). Nevertheless, the pronounced extension of CER 
  









period (in relation to DC) in the SFE curve involving coarse particles (5.5) demands caution when 
taking phenomenological conclusions or insights for that assay. Finally it should be noted that Run 
5.2 (60-80 mesh) and Run 5.3 (40-60 mesh) seem to provide a productivity trade off between the 
effort of grinding particles and the extension the extraction process can be operated under constant 
extraction rate. This becomes evident by the 𝜂total accumulated by the end of CER period: 1.1 % 
and 1.0 %, respectively.  
 
Figure 6.7 − Modelled extraction rates and yields of bulk extract (𝜂total) at the end of CER 
period as function of: A) different particle size ranges at fixed 2.5 wt.% of ethanol (Runs 5.1 to 
5.5); B) different cosolvent concentrations at fixed particle size range of 20-40 mesh (Runs 5.4, 
5.6 and 5.7). Pressure, temperature and flow rate were held constant in 300 bar, 50 ºC and 
11 g min−1. 
 
With reference to the impact of ethanol addition on the extraction rate, two key behaviors can be 
observed in Figure 6.7 for Runs 5.7 or 5.6 in relation to Run 5.4. The first one is that the doubling 
of ethanol addition to 5.0 wt.%, from Run 5.4 to Run 5.7 leads to more than a doubling of 
  









extraction rate on these essays (from 0.3 to 0.7 wt.% h-1 respectively) but not a change in 
accumulated yield, i.e. 1.0-1.1 wt.%. Secondly, when cut to 0 wt.% EtOH, the accumulated yield 
by the end of CER period is shortened to half (0.5 wt.% in Run 5.6 vs. 1.0 wt.% in Run 5.4), but 
the extraction rate remains constant at 0.3 wt.% h-1. 
 
Globally, the commented results show that resort to a cosolvent might favor not only the 
accumulated amounts of extract at the end of the CER period, but also the kinetics of the process 
(extraction rate). Nevertheless, such dual enhancing effect seems to depend on the amount of 
ethanol that is chosen for the extraction. In addition, the same results also evidence that the milling 
of the biomass plays a decisive role on the extraction rate during the CER period, but seems to not 
affect the accumulated yields at the end of that period. 
 
 
Selectivity to Friedelin − Selectivity enhancements cannot be confounded with higher 
extraction yield of target compounds. For instance, it is common that the usage of a cosolvent may 
increase total yield not only at the expenses of greater extraction of target compounds but also due 
to a higher uptake of non-target extractives [163, 174]. Taking into account the target compounds 
may be non-uniformly distributed in the biomass (i.e., may occur preferentially in outer layers or 
in specific inner locations like vacuoles) [150, 175-176] the selectivity can be also affected by 
changes in particle size besides solvent state (𝑃 − 𝑇 − 𝑥EtOH) and kinetic conditions (i.e., 
equilibrium and kinetic selectivities). 
 
Taking advantage of the experimental and modeling results presented above, friedelin selectivities 
were calculated along time using cumulative yields, aiming at the disclosure of the impact of 
pressure, temperature, cosolvent content, particle size and time on the uptake of this target 
compound. For the calculation of the selectivity to friedelin, 𝛼f,nf , the experimental yields (𝜂total 
and 𝜂friedelin) of each assay and the extractives content for both responses (𝑋0,total and 𝑋0,friedelin) 
were used, as follows: 
 
𝛼f,nf (𝒕) =
𝜂friedelin(𝑡)×[𝑋0,non−friedelin − 𝜂non−friedelin(𝑡)] 
𝜂non−friedelin(𝑡)× [𝑋0,friedelin − 𝜂friedelin(𝑡)]
  (41) 
where 
𝜂non−friedelin(𝑡) = 𝜂total(𝑡) − 𝜂friedelin(𝒕) (42) 
𝑋0,non−friedelin = 𝑋0,𝑡otal − 𝑋0,friedelin (43) 
 
and subscripts f and nf stand for friedelin and non-friedelin molecules, respectively. 
 
In this respect, Figure 6.8 illustrates the computed selectivities towards friedelin along extraction 
time, as function of particle size range (Figure 6.8.A) and ethanol content of the supercritical 
solvent (Figure 6.8.B). At first sight, it is noticeable that in four of the seven assays it was possible 
  









to reach 𝛼f,nf  values above 1. This means that, depending on the chosen extraction times, friedelin 
was removed with advantage over all the other compounds (labeled as non-friedelin). While 
desirable, this clearly depicts the challenge of obtaining extracts enriched in target molecules, thus 
reinforcing the importance of optimizing the operating conditions of SFE. In fact, results show that 
particle sizes can change selectivities during the first hour from 0.45 (>80 mesh) to 1.01 (60-80 
mesh) which, in other words, represents an enhancement of 124 % in the value of 𝛼f,nf . The 
attained results clearly point to an advantage of operating with intermediate granulometries instead 
of coarse particles or too ground particles (> 80 mesh), which is amplified if extraction times are 
augmented. 
 
Figure 6.8 − Cumulative selectivity to friedelin, 𝛼f,nf , along extraction time as function of: A) 
different particle size ranges at fixed 2.5 wt.% of ethanol (Runs 5.1 to 5.5); B) different cosolvent 
concentrations at fixed particle size range of 20-40 mesh (Runs 5.4, 5.6 and 5.7). Pressure, 
temperature and CO2 flow rate were held constant at 300 bar, 50 ºC and 11 g min-1. 
 
With regard to cosolvent concentration, the respective profile is evident in Figure 6.8.B, with the 
lowest range of values being for 5.0 wt.% EtOH and the highest for 2.5 wt.% EtOH. Based on the 
five hour bars, the jumps for these concentrations ratios are such that 𝛼f,nf (2.5 % EtOH) is 1.2 
  









times higher than 𝛼f,nf (0.0 % EtOH), and 𝛼f,nf (5.0 % EtOH) is 2.0 times lower than  
𝛼f,nf (2.5 % EtOH). With this pace, it becomes clear that the use of ethanol as cosolvent is able to 
boost the selectivity to friedelin, but also that intermediate amounts are desirable for such 
enrichment, otherwise the selectivity gain can be lost due to the abundant removal of non-target 
extractives available in the biomass. A similar trend was reported also by Martins et al [163] for the 
SFE of stigmasterol from Eichhornia crassipes, by Barbosa et al [177] for diterpenes from spent coffee 
grounds, and by Domingues et al. [175]  for triterpenic acids from Eucalyptus globulus bark. 
 
As far as the impact of time is concerned, Run 5.2 (𝑥EtOH = 2.5 wt.%, 60-80 mesh) and Run 5.3 
(𝑥EtOH = 2.5 wt.%, 40-60 mesh) exhibit increasing selectivity profiles along time. The former 
shows a constant pace evolution of 𝛼f,nf  from 1.05 (𝑡 = 1 h) to 1.88 ( 𝑡 = 4 h), and then a final 
jump to 2.58 (𝑡= 5 h), being the latter the highest selectivity value attained in this study. 
Nevertheless, it is known that as the extraction time is extended, the absolute amounts being 
recovered become very small, leading these selectivity gains to progressive lose importance in the 




Eichhornia crassipes study –  The results achieved by simplified models (LEFM, DFM and 
SSPM) suggest both intraparticle diffusion (assumed in DFM and SSPM) and film diffusion 
(assumed in LEFM) play a role in the resistance to mass transfer that dominates the SFE. In this 
respect, DFM and SSPM scored lower deviations (AARD values from 2.63 to 5.37 %) in assays 
where cosolvent was employed, and LEFM when working with pure CO2 (AARD values from 5.04 
to 5.73 %). 
 
The application of the broken plus intact cells (BIC) model to the six experimental runs at the same 
time allowed to represent data with AARD = 4.20 % (𝜂total) and 4.02 % (𝜂stigm), and to get 
instructive insights on the process. The adjusted maximum stigmasterol yield was 0.191 % with 
pure SC-CO2, and 0.238 % (wt.) using ethanol as cosolvent. Results also evidence that the 
characteristic extraction periods finish earlier for stigmasterol yield response, than for the overall 
extraction yield, which confirm that shorter times are preferable to produce stigmasterol enriched 
extracts from E. crassipes. 
 
In the whole, these experimental and modeling results confer a deeper understanding of the 
phenomena intrinsic to the SFE of E. crassipes, and represent a supportive study towards future 













Quercus cerris study –  Upon the application of the broken plus intact cells (BIC) model to the 
14 experimental runs at the same time, the fitting errors (AARD) were only 4.43 % (𝜂total ) and 
4.25 % ( 𝜂friedelin), being the highest deviations observed for coarse cork particles. Modeling 
results showed that the cosolvent addition does not lead to significant kinetic advantages in relation 
to pure SC-CO2 , as under comparable particle size conditions the convective mass transfer 
coefficients (𝑘f𝑎) ranged only from 0.106 to 0.130 h-1 (for 𝜂total response). Nevertheless greater 
kinetic advantages were observed for intraparticle diffusion (𝑘s𝑎), but only for ethanol addition of 
5 wt.%. Finally modeling allowed also to confirm that the initial extraction rates are higher for 
smaller particles, that intermediate particle (40-60 mesh to 60-80 mesh)  provide a rate vs. yield 
favorable compromise, and that the extraction rate in the initial period (CER) is two times greater 
for 5.0 % EtOH. However, the accumulated yield in that period is roughly the same as for 2.5 % 
EtOH (for 𝜂total). 
 
The study of selectivity to friedelin revealed that intermediate granulometries (40-60 mesh to 60-
80 mesh) are advantageous, and that the crossed effect of cosolvent addition and particle size can 
boost cumulative selectivity up to 2.6. 
 
In the whole, this work furnishes pertinent arguments on how particle size, ethanol content and 
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This chapter is devoted to present and discuss scale-up studies of SFE in the last years based on the 
comprehensive review of the author covering research works from 2000 to 2013 [1], and to report an 
experimental scale-up study [2] comprising experiments of SFE of Eucalyptus globulus performed at three 
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s an alternative technology competing with the conventional solvent extraction that 
has a long history of application in industry, some promising SFE works have been 
matter of upscaling studies. For a process to reach an adequate scale-up level, it is 
expected that it has been previously assessed upon optimization of operating conditions, 
selection of preferable extraction times from yield vs. time curves, and modeling of the same 
curves in order to disclose extraction mechanisms that characterize the rate of solutes removal 
from biomass.  
 
When SFE research approaches exploitation scenarios, it is highly recommendable that the 
process variables have been previously analyzed with attention at lab scale.  Nonetheless, it is 
common practice to find empirical scale-up studies and units working under conditions 
optimized for distinct biomass species and target molecules. Such procedure can lead to 
erroneously scaled-up units. 
 
With respect to scale-up criteria, SFE upscaling should obey rules regarding geometric, physical 
and chemical relationships, which are to be kept unchanged intentionally according to the 
mechanism that drives the process. Such carefulness ensures more accuracy when comparing 
results obtained at different scales, and also assures that these results are phenomenologically 
consistent. In this sense, there is a different adequate relationship for each type of limitation 
governing the SFE process. Four criteria may be listed: 
 
i. When solubility limits the process, the mass of spent SC solvent per mass bed raw 
material ( 𝑤CO2  𝑤b
−1)  should be kept constant [3]; 
ii. When intraparticle diffusion is the major limitation, the ratio of SC solvent flow rate to 
mass of bed raw material (𝑄CO2  𝑤b
−1) should be kept constant [3]; 
iii. When both limitations are relevant, 𝑤CO2  𝑤b
−1, and 𝑄CO2  𝑤b
−1 values should be held 
constant [3]; 
iv. An alternative approach is to fix both 𝑤CO2  𝑤b
−1 and 𝑄CO2  𝑤b
−1 , and fix also a 
dimensionless number such as . This may imply changing particle size of the raw 
material, since variables like P and T cannot be changed [4]; 
 
A fifth criterion should also be mentioned which rather than being directly based in mass 
transfer or equilibrium arguments, concerns geometric similarity issues. In this respect, the 
option to fix the ratio of bed length and bed diameter (Lb/Db) can also be found in literature for 
upscaling SFE processes [5-6]. 
 
It is worth noting that besides the choice of proper upscaling criteria results may still not be 














become non-negligible at higher scales [7]. The aggregation of biomass and channeling are two 
illustrative examples that must be cited in this respect. For this reason, checking of modeling 
results at two scales is essential to confirm the reliability of the obtained results [8].  
 
Figure 7.1 presents an example of scale-up studies performed following two of the 
aforementioned relationships for SFE of peach almond (Prunus persica) oil [4] and results are also 
fitted with BICM. In the reported case, distinct agreement observations arose from the 
application of criteria (ii) and (iv). In fact, the scale-up experiment performed under a fix ratio 
of flow rate and mass of raw material (ii) led to good results, while the establishment of Re 
number and the two ratios proposed in (iv) exhibited higher deviations. Despite this dissonance, 
such results can be useful for the SFE process by taking the visible deviations as opportunities to 
check the scale-up assumptions and to reinterpret extraction phenomena mechanisms. 
Nevertheless, such approach is only recommended when scale-up experiments are not too 
costly, or when the upscaling is performed in smaller units, closer to lab scale than to industrial 
reality. 
 
Figure 7.1 – Experimental and modeled extraction curves of different scale-up criteria SFE 
experiments and their respective small scale curves from peach (Prunus persica) almond. Plot 
retrieved from [4]. 
 
The bed geometry may influence SFE processes, a statement that is particularly prone to 
concern when SFE studies involve different extractors at different scales. Taking this into 
account, Carvalho Jr. et al. [9] devised two expressions that relate working conditions (SC-CO2 


















































where Eq. (1) is specially devoted to cases where the total amount of extractable solute (𝑋0) is 
determined from experiments using different SFE units, and Eq. (2) allows one to calculate a 
flow rate that ensures the same kinetic behavior between two SFE units.  
 
In a very instructive study, del Valle et al. [10] evaluated the influence of scale on the SFE of 
rosehip seeds, in which 1 L and 2.6 L capacity units were used to undertake the experiments. 
They started by fitting a two-period model (based on solubility dominance at the onset and 
intraparticle diffusion limitations at the end of extraction) to the 1 L assays, which was 
considered to represent data adequately. However, for the runs carried out in the 2.6 L 
extractor the model failed to describe the profiles, particularly along the curvature branches. 
Several possibilities were raised to explain the lack of fit of the model, namely: i) transport of 
solute through CO2 recycling stream; ii) axial dispersion in the supercritical phase; and iii) flow 
heterogeneity in the bed. The authors performed then a sensitivity analysis through model 
simulations, by varying the inlet oil concentration, axial dispersion coefficient, and solvent 
interstitial velocity (solid lines in Figure 7.2). It is noticeable that the three variables influence 
the process towards the experimental data. In addition, the occurrence of a heterogeneous flow 
inside the extractor was undoubtedly the factor that most efficiently improved the 
representation of the measured data. Despite the usefulness of the model to disclose the physical 
phenomena guiding the SFE, only new experiments could allow, in their case, the elucidation of 
whether the discrepancies between model and data in the 2.6 L extractor were due to only one 
of the factors or to their conjugation.  
 
Other scale-up works are listed in Table 7.1, such as the one of Kotnik et al. [11] who worked 
with a 60 mL and 4 L vessels for the extraction of chamomile (Matricaria chamomilla) flowers, 
that of Lu et al. [12] who reported the SFE of Pteris semipinnata L. in a 20 L pilot scale extractor, 
or that of Ranalli et al. [13] who performed SC-CO2 extractions of carrot (Daucus carota L.) root 
oil in 5 L pilot extractor. Special attention should be paid to the work of Han et al [14], who 
successfully attempted the upscaling of the SFE of safflower seed with a jump from a 0.5 to 260 
L extractor using 𝑄CO2  𝑤b
−1 as scale-up criterion. Alternatively, Fullana et al. [15] presented an 
alternative approach to scale-up based on the use of neural networks, which allows addressing 
upscaling within few requirements regarding kinetics information. It is also included in Table 














Figure 7.2 – Sensitivity analysis of the simulated extraction yield of roll milled rosehip seeds 
(0.1 mm size) as a function of specific solvent mass in 2.6 L plant experiments with 200 g min-1 
of CO2 at 40 ºC and 300 bar: A) effect of the oil concentration at the extractor inlet; B) effect 
of the axial dispersion coefficient inside the bed; C) effect of the non-uniformity of solvent flow 
(i.e. the presence of an outer annular region of high interstitial velocity, and an inner circular 
region of lower interstitial velocity). Symbols represent experimental data. Figure retrieved 
from [10]. 
  









Table 7.1 – Higher scale and scale-up studies on SFE compiled by the author in the period from 
2000 to 2013 [1]. 
Matrix Scales Unit capacity Scale-up criteria Ref 
Allium cepa L. Intermediate 5 L  [16] 
Bixa orellana L. Lab 0.007 L  [17] 
 Lab 0.029 L 𝑤CO2  𝑤b
−1  
Carthamus tinctorius Lab 0.5 L  [14] 
 Pilot  260 L 𝑄CO2  𝑤b
−1  
Citrus sinensis Lab 0.5 L  [7] 





Daucus carota L. Intermediate 5 L  [13] 
Eucalyptus globulus * Lab 0.5 L  [2] 
 Intermediate 5.0 L 𝑄CO2  𝑤b
−1  
 Pilot 80.0 L 𝑄CO2  𝑤b
−1  
Eugenia caryophillus Lab 0.006 L  [18] 
 Lab 0.280 L vsuperficial  
 Lab 0.280 L tresidence, CO2  
Glycine variety Lab 0.2 L  [6] 
 Intermediate 5 L Lb / Db  
 Intermediate 5 L 𝑄CO2  𝑤b
−1  
Helianthus annuus L. Intermediate 2 L  [19] 
Helianthus annuus L. Lab 0.01 L  [5] 
 Intermediate 1.2 L ≈ Lb / Db  
Matricaria chamomilla Lab 0.060 L  [11] 
 Intermediate 5 L   













Pinus brutia Lab 0.3 L  [21] 
 Intermediate 6.5 L 𝑄CO2  𝑤b
−1  
Pteris semipinnata L. Intermediate   20 L  [12] 
Sophora flavescens Lab 0.01L  [22] 
 Lab 1 L   
Tanacetum parthenium Lab 0.06  [23] 
 Intermediate 4 L   
Thymus vulgaris L. Intermediate 10.3 L  [24] 
Thymus vulgaris L. Intermediate 5 L  [25] 
Triticum spp. Lab 0.01 L  [26] 
 Intermediate 4 L 𝑤CO2  𝑤𝑏
−1  
Vitis vinifera L. Lab 0.01 L  [27] 
 Intermediate 2 L   
Vitis vinifera L. Lab 0.3 L  [28] 
 Intermediate 5.1 L 𝑤CO2  𝑤𝑏
−1  
* Accomplished by the author and part of this thesis. 
  









In general, scale-up that targets big jumps in extractor dimensions embodies a research path that 
begins with an initial exploratory lab experiment and which reaches scale studies after being 
matter of working conditions optimization and modeling. A significant volume of resources 
(time, material, human) is required to accomplish such research path, reason why preliminary 
economic assessments are sometimes carried out to foresee the gross viability of the process. 
When process remains promising and scale-up stage is overcome with success, the process has 
finally reached the point of being studied under deeper economic assessments.  
* * * 
In the following section, the SFE of Eucalyptus globulus deciduous bark is accomplished with SC-
CO2 modified with ethanol (cosolvent) in extractors of 0.5, 5.0 and 80 L, taking into account 
relevant information from previous essays [29-31]. Accordingly, scale-up experiments 
performed in the facilities of University of Aveiro and Natex [32] are presented and discussed. 
Several extraction curves are measured together with the TTAs concentration in the extracts 
along time. Modeling is also accomplished, being fundamental to identify the prevailing mass 
transfer mechanism and establish the appropriate scale up-criterion. At the end, this work is 
intended to provide reliable arguments to demonstrate SFE as a valid technical solution to 
produce valuable natural extracts from such an abundant vegetable residue.  
 
 
Aiming at the disclosure and confirmation of the dominant mechanisms of the SFE process, the 
extraction curves measured at lab scale can be modeled with simple expressions based on 
distinct assumptions: i) a model combining equilibrium (taken as solubility in the supercritical 
solvent) plus external film resistance published by Brunner [33], hereafter denoted by SFM; ii) a 
model proposed by Cocero and Garcia [34] that conjugates linear equilibrium (i.e., solute-
matrix interaction exists) and film resistance, henceforth called LEFM; iii) two models that 
exclusively focus on intraparticle diffusion, namely the Diffusion model for spherical particles 
[35] (DFM) and the Single Simple Plate model (SSPM) for slab geometry [36].  
 
The goodness of the fit of the models is quantified in this work by the average absolute relative 














where 𝑛 is the number of points of the cumulative curve, 𝜂total,i
calc  and 𝜂total,i
exp  are the calculated 
and experimental total extraction yields of point 𝑖, respectively. 
 
All the models used in this work were previously presented in Chapter 6 of this thesis.  
7.2 MODELING 
  










Deciduous bark of E. globulus was randomly harvested from a 20-year-old clone plantation 
cultivated in Eixo (40º37’13.56’’N, 8º34’08.43’’W), region of Aveiro, Portugal. The bark was 
then dried in an oven at 40 ºC during approximately 72 h, reaching final moisture content 
between 2 and 5 wt.%, milled to granulometry lower than 2 mm, and stored in hermetically 
sealed bags until use. The deciduous bark was selected as substrate since it is mostly outer bark, 
favoring the TTAs concentration. It is worth noting the abundance of TTAs is much higher in 
the outer bark of E. globulus than in the inner bark [37]. 
 
 
Nonacosan-1-ol (98% purity) and β-sitosterol (99% purity) were purchased from Fluka Chemie 
(Madrid, Spain); ursolic acid (98% purity), betulinic acid (98% purity), and oleanolic acid (98% 
purity) were purchased from Aktin Chemicals (Chengdu, China); betulonic acid (95% purity) 
was purchased from CHEMOS GmbH (Regenstauf, Germany); palmitic acid (99% purity), 
dichloromethane (99% purity), pyridine (99% purity), bis(trimethylsilyl)trifluoroacetamide 
(99% purity), trimethylchlorosilane (99% purity), and tetracosane (99% purity) were supplied 
by Sigma Chemical Co. (Madrid, Spain). Carbon dioxide was supplied with a purity of 99.95% 
from Praxair (Porto, Portugal). 
 
 
The SFE assays were carried out in three different apparatus (0.5, 5.0 and 80.0 L; see Figure 
7.3). The experimental conditions presented in Table 7.2 were chosen attending to preceding 
studies performed at lab scale. These included optimization of the most relevant operating 
conditions, namely pressure, temperature, cosolvent concentration and flow rate [29, 31]. The 
lab scale experiments were performed in a 0.5 L unit whose full description and operation is 
provided elsewhere [29]. The intermediate scale (5.0 L) and pilot scale (80.0 L) experiments 
were carried out in Natex facilities [32]. 
 
 
Extracts were analyzed by GC–MS. About 20 mg of each dried extract were trimethylsilylated 
according to the literature [30, 38]. Two aliquots of each extract were analyzed in triplicate, 
being the reported results the average of the measurements (less than 5% variation between 
injections of the same aliquot and between aliquots of the same sample). The GC–MS analyses 
were performed using tetracosane as internal standard, in a Trace Gas Chromatograph 2000 
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Series equipped with a Finnigan Trace MS mass spectrometer, using helium as carrier gas (35 
cm s−1), equipped with a DB-1 J&W capillary column (30 m × 0.32 mm i.d., 0.25 𝜇m film 
thickness). The chromatographic conditions were as follows: initial temperature: 80 ºC for 5 
min; temperature rate: 4 ºC min−1; final temperature: 285 ºC for 10 min; injector temperature: 
250 ºC; transfer-line temperature: 290 ºC; split ratio: 1:50. The MS was operated in the 
electron impact mode with electron impact energy of 70 eV and data collected at a rate of 1 
scan s−1 over a range of m/z of 33–750. The ion source was maintained at 250 ºC. 
 
Table 7.2 – Experimental conditions of the SFE runs included in this work. Pressure and 














Run 7.1 0.5 0.0703 2.5 10 1.6 
  Run 7.2* 0.5 0.0700 5.0 10 1.6 
Run 7.3 5.0 0.900 2.5 10 6.1 
Run 7.4 5.0 0.900 5.0 10 6.1 
Run 7.5 80.0  13.7 2.5 10 4.1 
* Experiment taken from ref. [29]; ++ ratio between the mass flow rate of CO2 and the mass of 
bark inside extractor. +++𝐿b  is the bed length, and 𝐷b is the bed diameter. 
 
 
Figure 7.3 – Supercritical fluid extraction units used in the scale-up study of this work. 
 
  










The experimental and modelling results obtained in this work are discussed in the following 
three subsections. The first one comprehends the measurement and modelling of extraction 
curves at lab scale, from which the appropriate scale-up criterion is disclosed. The subsequent 
subsections are devoted to the scale-up of the process (based on the previously established 
criterion) using 2.5 wt.% and 5.0 wt.% ethanol, respectively. 
 
 
Experimental Results - With regard to the experimental results (Figure 7.4), they confirm 
the impact of the ethanol addition to enhance the overall extraction rate and, thus, the 
cumulative yields achieved along time. While an overlapping of both runs is observed within the 
first hour of extraction, where a linear increase is quite acceptable, Run 7.2 (5 wt.% ethanol) 
exhibits higher extraction rate from this point until the end of the experiment. For instance the 
last point of Run 7.1 was measured at 6.5 h, for which the total yield is 20 % lower than that of 
Run 7.2 (interpolated for the same time).  The justification for this behavior is the 
concentration of ethanol in the system, which enhances the rate of solute removal due to 
solubility increment, since all remaining operating conditions and equipment geometry are the 
same [31, 38-39].  
 
Despite the fact that the cumulative yields are still increasing after 6 h of extraction, the 
removal rates in the final stage of the experiments are considerably low in relation to their 
respective magnitudes at the onset of the process. Such behavior dues naturally to the 
diminution of the mass transfer driving force along the semi-continuous process. Nonetheless, 
when the extraction rate starts to decay in early periods of the experiment – which happens in 
the case of SFE of Eucalyptus bark – that may reveal the existence and influence of limitations to 
mass transfer, mainly inside the particle [1, 40-43]. The study and disclosure of these resistances 
can be achieved with the aid of distinct models, upon checking how different assumptions adjust 
to the experimental data [1, 29]. This issue is addressed in the following paragraphs of this 
subsection. 
 
Modeling Results - The models listed in Section 7.2 were applied to Runs 7.1 and 7.2, being 
the respective results plotted in Figure 7.4 along with experimental data. Their optimized 
parameters and computed average deviations are compiled in Table 7.3. 
 
With regard to the SFM (see Table 6.2), the results achieved by fitting the kinetic parameter 𝑘1 
to the set of points of each assay are very weak, as the large deviations found for Run 7.1 
(AARD = 49.8 %) and Run 7.2 (AARD = 40.9 %) demonstrate (see Table 7.3). This is also 
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evident from Figure 7.4, where these linear plots do not follow the real experimental trends of 
both cumulative curves along time. Such linear behavior can be expected when abundant 
extractable material/solute is available to compensate the mass transfer limitations in order to 
ensure a constant period of extraction [1, 40, 42-44]. This is in great agreement with 
comprehensive models that set the initial period of extraction as the most suitable for an 
extraction rate defined by solubility and external mass transfer resistance [1, 44].  
 
When linear equilibrium plus film resistance premises (LEFM) are tested with experimental 
results, the fittings exhibit a significant improvement in comparison to the SFM: deviations 
between 29.2 % and 40.3 % are obtained, which represent ca. 10 % less than those for SFM. 
Nevertheless it should be stressed that in the LEFM two parameters were adjusted rather than 
one, which should be taken into account also for the interpretation of the better goodness of fit 
performances revealed by this model. In any case, the results are still poor in terms of 




Figure 7.4 – Total extraction yield of E. globulus bark against time for 200 bar, 40 ºC, 12 
gCO2min
−1, and two ethanol (EtOH) concentrations (2.5 and 5.0 wt.%). Lines: modeling 
results. 
 
As far as pure intraparticle diffusion based models are concerned – namely SSPM and DFM – 
the results confirmed the greater adequacy of this assumption for the SFE of E. globulus bark, in 
agreement with previous studies [29]. In fact, these expressions provide deviations between 3.7 
% and 11.8 %, being the lowest errors attained by the DFM (i.e. for spherical particles) with 
AARD = 3.7 % and 10.1 %. In this work, the SSPM (slab geometry) is also adopted in the 
calculations since (milled) bark is a natural biomass without a strict geometry.  
  









In the whole, modeling clearly highlights the major role played by intraparticle diffusion in 
relation to the solubility/linear equilibrium plus external resistance pair of assumptions. This 
insight is valuable for a proper selection of the scale-up criterion to be adopted [1, 3] which is 
discussed in the following. 
 
Table 7.3 – Modeling of the cumulative curves of total extraction yield of E. globulus bark 
(Runs 7.1 and 7.2 of Table 7.2). Results were obtained for the solubility plus film model 
(SFM), linear equilibrium plus film model (LEFM), Simple Single Plate model (SSPM), and 
Diffusion model (DFM). 
Run 
SFM LEFM  SSPM  DFM  
𝑘 






















7.1 0.002138 49.8 4.472 0.4477 40.3 0.0234 11.8 0.0163 10.1 
7.2 0.001798 40.9 2.383 0.3178 29.2 0.0359 6.8 0.0261 3.7 
 
 
Scale-up Criterion - Before moving to the experiments at higher scales (5.0 and 80.0 L) it is 
necessary to establish an appropriate scale-up criterion. The well-known criteria are those 
presented in Section 7.1. The selection of one of these criteria is driven by the mass transfer 
mechanisms that prevail in the SFE process under study. By holding constant the adequate scale-
up parameters it is expected that the transfer of scale will not fail due to a wrong interpretation 
of the kinetics of the process. However, other factors may also restrict the performance of the 
scale-up, such as the geometries of extractors, channeling, biomass aggregation, which may 
become more visible in higher scale operation [7, 10]. 
 
Taking into account the greater suitability of the models based on intraparticle diffusion (DFM 
and SSPM), the appropriate scale-up establishes that the ratio between flow rate and biomass 
weight is constant. The value of 𝑄CO2  𝑤bark
−1 = 10 kgCO2 h-1 kg-1bark listed in Table 7.2 arises as 
consequence of the flow rate optimized in a previous work (12 g min-1) [45], and is adopted in 














This study involved experiments performed at lab (0.5 L), intermediate (5.0 L) and pilot (80.0 
L) scales, which correspond to Runs 7.1, 7.3 and 7.5 of Table 7.2. The curves of total yield and 
TTAs concentration in the extracts are plotted in Figures 7.5 and 7.6 respectively. Despite the 
geometric differences between the three units (from Table 7.2: 𝐿b 𝐷b⁄ = 1.6,  6.1 and 4.1), the 
𝜂total results exhibit a very concordant trend. Slower extraction rates in both higher scale 
assays are observed, which may be attributed to the associated inferior interstitial velocities 
inside the higher extractors, as a direct consequence of the higher 𝐿b/𝐷b ratios of these units. 
Nonetheless, one can see that after 4 h this splitting essentially disappears since the driving force 
to mass transfer decreases continuously as extraction proceeds, and because all curves tend to 
the same maximum yield (𝜂total → 𝑋0 = 1.5 wt. %). It is also worth noting that Run 7.5 
evidences a constant period of extraction between 0 and 1 h, as it is pointed out above for the 
lab scale run. 
 
With reference to the concentration of TTAs in the supercritical extracts (Figure 7.6), the 
cumulative values measured along time are close and their trends can be considered very 
similar. A noteworthy aspect concerns the fact that the differences in bed geometries do not 
affect this response as affect 𝜂total, which reveals that the delay in the extraction yields is not 
accompanied by selectivity changes of the supercritical solvent along time. Within the three 
runs, the process takes 1 hour to reach a concentration of TTAs above 30 wt.% and then 
remained in the range of 30 % and 45 %. 
 
Globally these results detach that the scale-up criterion for the SFE of Eucalyptus globulus 
deciduous bark has been properly identified. It is important to highlight that this scale-up is 
tested with experiments involving a significant jump of 160 (= 80.0 L / 0.5 L) in the extractor 
volume. In the literature such ratios frequently lie between 10 and 100 [1]. One may cite the 
works by Yesil-Celiktas et al. [21], Jokic et al. [6], Cretnik et al. [23], Ling et al. [22], etc, who 
adopted variations of 21, 25, 67, and 100, respectively, in the extractor volume.  
  
7.4.2 SCALE-UP STUDIES AT 200 bar / 40 ºC / 2.5 wt.% ETHANOL 
  











Figure 7.5 – Cumulative curves of total extraction yield of E. globulus deciduous bark at lab 
(0.5 L), intermediate (5.0 L) and pilot (80.0 L) scales. Operating conditions: 200 bar, 40 ºC, 
2.5 wt.% ethanol and 𝑄CO2  𝑤bark
−1 = 10 h-1. (Curves are lines to guide the eyes). 
 
 
Figure 7.6 – Cumulative concentration of TTAs in the supercritical extracts of E. globulus 
deciduous bark measured at lab (0.5 L), intermediate (5.0 L) and pilot (80.0 L) scales. 
Operating conditions: 200 bar, 40 ºC, 2.5 wt.% ethanol and 𝑄CO2  𝑤bark
−1 = 10 h-1. (Curves are 
lines to guide the eyes). 
  
  










As far as the upscaling of Run 7.2 is concerned, technical limitations related to the amounts of 
ethanol do not allow a large jump to the pilot scale, i.e. from 0.5 to 5.0 L and then to 80.0 L as 
in the previous case. Accordingly, the total yield results and the cumulative concentration of 
TTAs in extracts are plotted in Figures 7.7 and 7.8, respectively, for the lab (Run 7.2; 0.5 L) 
and intermediate (Run 7.4; 5.0 L) units. 
 
The measured 𝜂total values revealed a great resemblance of the two runs during the first hour 
of extraction, followed by a slight deviation up to ca. 6 h, which may be once again linked to the 
lower interstitial velocity inside the 5.0 L extractor. In this case, 𝐿b 𝐷b⁄ = 6.1 while for the lab 
equipment it is only 1.6 (see Table 7.2). Besides the great concordance in terms of total 
extraction yield, the respective cumulative 𝑥TTAs curves exhibit a similar behaviour also, with 
the higher scale assay approaching a stable value around 𝑥TTAs = 39 wt.% against 35 wt.% for 
0.5 L.  In the literature, differences registered at different scales are frequently reported, and 
most of the times linked to geometric variations of the equipment utilized and to the natural 
variability of biomass. For instance, the relevant scale-up results published by Yesil-Celiktas et 
al. on SFE of pine bark [21], who presented total catechin concentrations 31 % higher in the 6.5 
L scale at 200 bar/60 ºC /3 % ethanol, in relation to the corresponding run at 0.3 L scale.  
 
In an overview of the scale-up experiments of sections 7.4.2 and 7.4.3, one may detach that 
there is a common feature between them: for 𝑡 > 1.5 h, the purities found at lab scale are 
essentially constant or increase very slowly (≈39 % in Run 7.1 and 36 % in Run 7.2), while at 
higher scales they exhibit an increasing profile (from 34 % to 40 % in Run 7.3, 35 % to 43 % in 
Run 7.5, and 31 % to 39 % in Run 7.4). 
 
While from a scientific and technical perspective positive outcomes are achieved with the 
increment of the TTAs concentration upon the employment of higher contents of ethanol (i.e., 
5.0 wt.% in spite of 2.5 wt.%), direct counterpart consequences at economic level should also 
be taken into account, because the usage of ethanol makes SFE processes more expensive. On 
the other hand, if the final commercial interest of this process is an enriched mixture of TTAs, a 
recent patent focusing the solid-liquid extraction (with organic solvents) and purification of 
TTAs from Eucalyptus bark embodies a rather feasible way to reach final TTAs contents around 
98.5 wt.%, independently of the starting point being TTAs mixtures of 30 or 40 wt.% [46]. In 
this sense, the final word on the most suitable path for the SFE extracts will demand, firstly, an 
accurate definition of the final application of the product and, secondly, an economic evaluation 
in which the impact of extraction time and ethanol usage upon total yield and TTAs 
concentration is adequately scored [47]. Such work is, however, beyond the scope of this 
article. 
 
7.4.3 SCALE-UP STUDIES AT 200 bar/ 40 ºC / 5.0 wt.% ETHANOL 
  










Figure 7.7 – Cumulative curves of total extraction yield of E. globulus bark at lab (0.5 L) and 
intermediate (5.0 L) scales. Operating conditions: 200 bar, 40 ºC, 5.0 wt.% ethanol and 
𝑄CO2  𝑤bark





Figure 7.8 – Cumulative concentration of TTAs in the supercritical extracts of E. globulus bark 
measured at lab (0.5 L) and intermediate (5.0 L) scales. Operating conditions: 200 bar, 40 ºC, 
5.0 wt.% ethanol and 𝑄CO2  𝑤bark















In this work scale-up studies of the SFE of E. globulus deciduous bark are presented, supported 
by previous research on the subject, mainly the optimization of the operating conditions, i.e. 
pressure, temperature, ethanol content, and CO2 flow rate. The experiments are carried out at 
three different scales: 0.5, 5.0 and 80.0 L. 
 
The modeling of the measured lab scale extraction curves confirm that the intraparticle 
diffusion is the most important resistance of the process, since models based on this assumption 
provide good results, with average deviations between 3.7 % and 11.8 %. The recommended 
scale-up criterion in such case is the constancy of the ratio between solvent flow rate and 
biomass weight, which in this case is equal to 10 h-1.  
 
The upscaling studies are performed for two operating conditions, (200 bar, 40 ºC, 2.5 wt.% 
ethanol and 200 bar, 40 ºC, 5.0 wt.% ethanol), for which the extraction curves obtained at lab, 
intermediate and pilot scales evidence good agreement in terms of extraction yield and 
triterpenic acids concentration in extracts. The differences observed in some periods of the 
extraction may be explained by the geometric differences of the three extractors. In the whole, 
these experiments legitimate the validity of the adopted scale-up criterion, and provide valuable 
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8 TECHNO-ECONOMIC ANALYSIS 
 
This chapter is devoted to the economic analysis of SFE based on a comprehensive review from 2000 to 
2013 [1], and to present integrally four studies on the subject focusing the SFE of Moringa seed [2], 
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espite its ultimate position within the necessary research background that confirms 
the technical potential of a specific SFE process and encourages further advances 
towards commercial application, economic assessment results provide valuable 
insights even at earlier stages of research, when decisions regarding operating conditions, matrix 
pretreatments and/or cosolvent addition can be pondered and dealt in time. However, owing 
to the fact that economic assessments easily reflect inadequate decisions based on previous 
optimization, modeling and scale-up, one should aim to have a reliable knowledge of the 
process when performing this type of studies. For instance, the capital cost of a SFE process is 
not linear with pressure, as some equipment components are available in discrete steps [6], and 
for this reason misleading conclusions upon economic viability can be taken. In addition, from 
the point of view of incomes, the scale of production can influence the market prices from the 
side of an excessive offer leading to saturation and decline of profits. 
 
With regard to the types of operation scheme, it has been shown that continuous operation is 
the one that generally minimizes the total costs, but the difference to batch extraction is not 
significant enough to justify the continuous approach, at least for large-scale operation [7]. The 
main reason is the larger amount of energy needed to introduce and remove the biomass at 
separate locations necessary in continuous operation, in comparison to the time-sequenced 
operation steps in a conventional batch system [7]. For this reason most of the commercial units 
that inspire new economic studies comprise semi-continuous operation, reliant on a succession 
of batches. 
 
A very pertinent question for a proper economic evaluation relies on the main objective of the 
SFE process, namely if it is of low volume / high value type or high volume / low value 
scenario. This issue is connected to the aspects discussed in Section 3. In fact, the motivation of 
the work should be clear at economic level, so that the real product can be undoubtedly 
identified: whether valuable compounds diluted/mixed in oils/extracts, or ordinary bulk 
extracts/oils with no other features than the fact of being natural mixtures obtained by a green 
separation technology. In the first case, the solutes concentration may be the key variable to the 
viability of the process while, in the second, the success may be reliant on the capacity to obtain 
high extraction yields in short times. 
 
Most of the economic assessment studies on SFE address cases where bulk extracts/oils are the 
goal of the process. In this sense, low attention has been paid to the impact of the 
concentrations/purities of the final extracts. Such fact is somehow misleading because much of 
the research of last years has been centered on the enhancement of specific bioactive molecules 
in SC-CO2 extracts. For instance, the enrichment of extracts/oils is the most invoked reason to 















end of the process, the final product is priced taking into account its eventual enriched 
composition. The purpose of the SFE technology is not merely to make possible more 
productive separations in comparison to other reference methods, but also to produce 
extracts/oils with precious enrichments on fractions comprising interesting compounds. In this 
sense, the field demands a more properly scoring of the added-value provided by the SFE 
technology in relation to bulk essential oils, because the economics of the process should reflect 
two specificities of this technology: 1) lower extraction yields may exhibit interesting selectivity 
gains as counterpart; 2) both composition and extraction yield vary with time and upon 
modifications in other operating conditions. As a result, economic viability can be seen as an 
optimized trade-off between the concomitant variations of yield and concentration, from the 
income side, and the investment and operation expenditures, from the fixed and variable costs, 
respectively. 
 
In order to emphasize the significant differences of approaching SFE to maximize extraction 
yields or to produce extracts enriched in target molecules, the following figures should be 
analysed: Figure 8.1 shows market quotations of essential oils (obtained by steam distillation), 
and Figure 8.2 illustrates the market prices of target molecules of some SFE works from Table 
S1 (recall Chapter 2), when sold with high purities (>70 %). It is worth noting that these prices 
were not obtained for bulky purchasing and certainly exhibit deviations from industrial trade 
reality. Nevertheless, the reported data were obtained from few suppliers, which means that all 
values are on the same comparison basis, namely European market.  
 
As can be observed, the majority of the essential oils reported in Figure 8.1 have quotations 
between 25 and 150 € kg-1. The most expensive examples were found for chamomile, vetiver 
and black peper, with prices varying from 288 to 454 € kg-1.  These values arise from an already 
existing market whose oils are produced by technologies like steam distillation or 
hydrodistillation. The green label of both SFE and water-based separations suggests that these 
quotations are also suitable for economic analysis of SFE processes. Nonetheless this equivalence 
neglects the real value of the enriched extracts that supercritical solvents may obtain. For this 
reason, one could expect a worthier quotation for the SFE oils when they exhibit enhanced 
concentrations of target compounds. For instance, Barbosa et al. [8] showed that the content of 
anticarcinogenic diterpenoids (cafestol, kawheol, and 16-O-methylcafestol) in the oil obtained 
by SC-CO2 extraction of spent coffee grounds more than trebles that of the oil produced by 
solid-liquid extraction using dichloromethane. Such selectivity gain should be taken into account 
so that the SFE is fairly pondered at economic level. 
 
Another clearcut example of the necessity to bring reasonable prices to the economic 
assessment of supercritical separations is provided by eucalypt, in the sense it has the lowest 
prices among those reported in Figure 8.1 (23 € kg-1). However, from the outer bark of 
  









eucalypt, one can obtain extracts with concentrations of ursolic and betulinic acids as high as 27 
% (wt) [9-12]. Upon checking the valuable prices of both molecules in high purity supply 
contexts (values higher than 6×105 € kg-1 – see Figure 8.2), a more consistent price should be 
associated to such product. These remarks on extracts/oils prices are of vital importance for the 
viability of SFE projects, and though literature has no other solutions than to adopt essential oil 
quotations, these simplistic comparisons are many times misleading in view of the superior 
quality of some products achieved with supercritical solvents.  
 
 
Figure 8.1 – Commercial quotations (for small scale purchasing) of some essential oils. Data 
taken from one European supplier [13], with exception of coffee oil [14]. 
 
When the overall purpose of the SFE process is to enhance the profitability of an already 
existing process by means of using raw material spare parts or by including a SFE step to 
concentrate in the final product (or remove from it) a minor constituent, the process economics 
may benefit from the availability of raw materials, utilities and labor resources. Such industrial 
context can be sufficient to ensure viability, as raw material purchasing and transport costs can 
be eliminated from the calculations. For instance, Leal et al. [15] concluded that the cost of raw 
material of the SFE of sweet basil (Ocimum basilicum) represented 80 % of the process costs, 
prevailing over energy or utility costs. One example of a SFE research that has been studied in 
  











complementation to a main industrial process is the extraction of Eucalyptus globulus bark, which 
is the dominant species in Portuguese pulp and paper industry. In this context, the SFE of 
triterpenic acids from E. globulus bark can take advantage from the readiness of raw material and 
the existence of utilities in the mill, two important synergies to enhance the process economics. 
 
 
Figure 8.2 – Commercial quotations (for small scale purchasing) of some of SFE target 
compounds. Data were taken from one European supplier [16] and are presented in logarithmic 
scale. 
 
When considering fixed costs, labor parcel is a non-negligible variable due to the semi-
continuous character of SFE processes and the resulting need to periodically handle raw-
material at the onset and end of each extraction cycle. This variable communicates intimately 
with the duration of extraction, since the shorter the extraction cycles are, the greater the 
human handling needs become. In addition, the duration of extraction cycles has a chief 
influence on productivity and therefore on economic viability, since it is advisable to work 
during the constant extraction rate (CER) period (recall the figure in Table 6.4), which implies 
to replace the (almost) exhausted biomass inside extractor by a virgin one in spite of keeping the 
process running on the falling extraction rate (FER –see Table 6.4) period. These 
  









considerations require semi-continuous operation involving arrangements of several beds in 
series or in parallel [3, 17-21]. 
 
At industrial level, the time needed to unload, reload and pressurize an extractor may not be 
negligible if dealing with processes involving low extraction times. Melo et al [3] addressed this 
issue in detail, by performing an economic study of SFE of spent coffee (Coffea spp.) grounds. 
This is a key factor that shall be correctly tackled to boost the productivity and profitability of 
SFE units. 
 
With respect to the SC-CO2 modification with organic solvents, it is frequently exploited 
without the full acknowledgement of the economic impact this option may represents. The 
inclusion of cosolvents may influence licensing, since then SFE plants lose their innocuous 
character upon explosion, fire and pollution hazards that pure CO2 ensures. On the other hand, 
the employment of cosolvents brings an additional source of raw material costs, and requires 
extra equipment to be purchased, such as a liquid pumps, independent tubing lines, and units 
for their subsequent recovery/purification. In view of the semi-continuous nature of SFE 
processes, the choice of plant layouts is also a relevant matter. Assessments typically consider 
layouts with 2-3 beds in parallel or series. The final decision should reflect a deal between 
investment costs, cycle duration, labor costs and profitability [3, 17-21]. Economic analyses 
provide key answers to this issue. 
 
Most research found in literature regarding the economics of SFE process relies on the 
methodology of Turton et al. [22] which sets the cost of manufacturing (COM) as a function of 
investment cost (FCI), labor cost (COL), utility cost (CUT), waste treatment cost (CWT) and 
raw material cost (CRM), using the following relation: 
COM = 0.304 FCI + 2.73COL + 1.23(CUT + CWT + CRM) (1) 
 
Since total investment is usually expressed upon an annual depreciation rate (e.g. 10 % per 
year), FCI is time-dependent and demands an analogous correspondence on the other terms of 
Eq. (1). In this way, the resulting COM value will then represent the sum of fixed and variable 
costs on a yearly basis. 
 
Once COM value itself has no connection with production, many times it is combined with 
annual production to determine the specific production cost (US$ per mass of product). By 
stipulating a market value for the supercritical extract, net income calculations can be 
accomplished and lead to a fuller disclosure regarding the economy of the process: 
Annual Net Income = Annual Revenue − COM (2) 
 
  











The determination of both annual revenue and COM terms require that a simulation of the 
production is performed with all the optimized operating conditions (P, T, t, Q) and other 
variables and parameters, some of them established by the researcher. In Table 8.1 these input 
data are listed for analysis.   
 
Table 8.1 – List of assumptions necessary for an economic assessment of a SFE process. 
General 1. Unit working period (h per day and h per year); 
2. Number of workers per unit extractor; 
3. Scale-up criterion; 
4. Minimum pressure in the separator (extract collection vessel); 
5. Required time to unload, load and pressurize one extractor; 
6. Definition whether CO2  is lots in each full decompression or 
not; 
7.Bed density; 
8. Bed porosity; 
9  Market price of SFE extract; 
10. Matrix initial moisture; 
11. Dried matrix  heat capacity; 
 
FCI 12. Annual depreciation rate; 
13. SFE unit price; 
 
COL 14. Labor cost; 
 
CUT 15. Electricity cost; 
16. Steam cost; 
 
CWT 17. Waste treatment cost; 
 
CRM 18. Matrix drying cost; 
19. Matrix milling cost; 
20. Other matrix pretreatment cost; 
21. Make-up CO2 purchasing price. 
 
 
A key variable is the price of the SFE unit, whose impact on the process economics is 
substantial. Some useful rules and information can be used, such as the formula proposed by 
Lack et al. [23], for units comprising three extractors operating up to 550 bar, that sets FCI as 
function of extractors volume (𝑉extractor): 
FCI = 1.0162 ln(𝑉extractor) − 4.9147 (3) 
where 𝑉extractor is the total extraction volume, in L, and FCI is given in million euros. 
  









In alternative, the expression from Peters and Timmerhaus [24] allows FCI to be estimated 
from the already known cost of another unit, as long as the annually processed raw material (w), 
whatever it might be, is compensated:  







A similar but more accurate expression was proposed by Perrut [25], who replaced w by the 








Attending to recent literature works, prices of SFE units have been estimated as 1.2-2 M$ (US) 
for 2 × 0.5 m3 extractors [26] or 2 M$ (US) for units comprising 2 × 0.4 m3 extractors and also 
a flash tank, CO2 reservoir, condenser, one pump, and a heat exchanger [17]. 
 
In what concerns CUT, CWT and CRM it is necessary to perform simulations to solve the mass 
and energy balances for the operating conditions of the SFE unit under analysis. The choices of 
SuperPro Design® [17, 27-28] and Aspen Plus® [3, 29] may be cited as the most popular 
simulators that can be adopted for this purpose. 
 
Studies on the economics of SFE processes have been addressed in literature by several authors 
in the last years. Some examples are presented in the following for illustration. Working on SFE 
of sweet basil (Ocimum basilicum), Leal et al. [15] used COM methodology to cross the 
concomitant impact of different pressures and cosolvent (water) contents on the costs of 
manufacturing. They showed the minimum costs to be nearly 48 US$ kg-1product for operation at 
300 bar and 20 % water addition, and that the highest COM values to be for 300 bar operation 
and 1% water addition, 1049 US$ kgproduct
−1
 . Danielski et al. [30] carried out an economic 
analysis on their SFE work with rice (Oryza sativa L.) bran (by-product of rice processing) 
followed by a stage of oil deacidification. They showed the production costs of the combined 
unit were competitive when contrasted with the commercial prices of rice bran oil. Pereira and 
Meireles [18] performed an economic analysis on their SFE work with rosemary (Rosmarinus 
officinalis), fennel (Foeniculum vulgare) and anise (Pimpinella anisum) essential oils. They adopted 
COM methodology and focused specifically cost estimation rather than profitability. Figure 8.3 
presents the main results of their essay. Applying the COM approach to the extraction of 
essential oils by steam distillation from the same matrices, Pereira and Meireles proved SFE to 
lead to COM values 1.8-2.5 times inferior.  
 
  












Figure 8.3 – Comparison of COM values for the extraction of rosemary, fennel, and anise 
extracts.  Bars represent extract and essential oil obtained by SFE, and essential oil obtained by 
steam distillation [18]. 
 
* * * 
In the following sections, four different studies are presented and discussed on the topic of 
techno-economics of SFE of vegetal biomass samples. These are: 
• SFE of moringa seeds (Study I);  
• SFE of spent coffee grounds (Study II);  
• SFE of tomato residues (Study III);  
• SFE of gac fruit (Study IV).   
In the case of Study II, the experimental work (extraction and characterization) was 
accomplished in this work altogether with the techno-economic analysis. For the others, data 
  









were retrieved from the literature. Moreover, for the case of Study III, theoretical calculations 
on solubility of the target compound (lycopene) were accomplished to support discussion. 
Finally, despite sharing the same context (biorefinery) and extraction technology (SFE), each of 
the four studies present their own specificities, not only in terms of the expectable production 
scales, but also regarding pretreatments and posttreatments that might suit or enhance the 
objectives of the respective processes. 
 
 
Oil solubility estimation - In order to better understand the physical and economical 
characteristics of a SFE process, the rate-controlling step must be identified. The latter can 
range from solubility limitations to film resistance or even to internal diffusion resistance. 
When dealing with vegetable oils present in high concentrations inside solid matrices, the oil 
solubility in the sub/supercritical medium is the typical governing factor behind the rates at 
which the process takes place. For this reason its measurement or estimation can provide useful 
information about the kinetics of the extraction [31].  
 
Zhao et al. [32] measured the solubility of Moringa oleifera oil at 200-500 bar and 60-100 ºC. The 
experimental data obtained were adjusted by the Peng-Robinson equation of state and three 
density based expressions (Chrastil [33], del Valle and Aguilera  [34], and Adachi and Lu [35]). 
Among these four options, the Chrastil equation modified by del Valle and Aguilera was the one 
that best fitted the experimental data. Therefore, the estimation of moringa oil solubility in 
SC − CO2 within the operating conditions studied in this work was accomplished using del Valle 









+ b) (6) 
 
where 𝑦i
∗(kg m−3) is the extract solubility, 𝜌𝑓 (kg m−3) is the solvent density, 𝑇 is the absolute 
temperature,  𝑘1 is the association number, and the constants a, b and c are related to the 
thermal effects involved in the solubilization process. The model parameters were adjusted to 
experimental data and the respective values are 𝑘1 = 7.22, 𝑎 = −2.3×104K,  𝑏 = 3.31×106 and 𝑐 =
−8.17 K2.  
 
Supercritical fluid extraction - The SFE experiments considered for this study are based 
on pilot scale data published by Ruttarattanamongkol et al. [36]. These authors investigated the 
process of extraction using carbon dioxide as a solvent under near-critical and supercritical 
conditions in the pressure ranges from 150 to 350 bar, and the temperature ranges from 25 to 
8.2 METHODS 
8.2.1 STUDY I – SFE OF MORINGA SEEDS [2] 
  











35 °C at the fixed flow rate of 20 kg h−1. A brief description of the extraction curves attained 
by these researchers in their work is furnished in Section 8.3.1. 
 
Response Surface Methodology (RSM) - In relation to the optimization of variables from 
a process towards a desired response, RSM is a statistical method that discloses the several 
relations, either direct or crossed, between the process independent variables and the response 
obtained, i.e. the dependent variable. This method also unveils which parameters are in fact 
statistically significant, allowing thus the neglecting of the non-significant ones. At the end, the 
model obtained translates a relation of the significant contributions with the final response, 
allowing therefore an optimum region to be identified. This technique has been widely applied 
in SFE of vegetable matrices, such as grapes [37], spent coffee [8], eucalypt [11], etc. 
Nonetheless, RSM is typically used to optimize productivity responses such as extraction yield, 
rather than being used to enhance the economic performance of a SFE process. That is the 
purpose of RSM-COM hybrid approach [4] which was adopted for the present study. 
 
In terms of selection of process factors for the optimization, previous SFE data of moringa seed 
were taken into account [36], where it was shown that the influence of temperature (𝑇) is much 
less significant than the effect of pressure(𝑃) and extraction time (𝑡) over the studied ranges of 
experimental conditions. For that reason, the optimization study was performed at fixed 𝑇 in 
order to unveil the best (𝑃, 𝑡) conditions that minimize COM of the moringa oil (COM oil). In 
this work, the experimental design adopted uses 2 factors and a mix of 3 and 4 levels of 
correspondence, totalizing 12 experimental points. Pressure was studied at 150, 250 and 350 
bar, whereas extraction time spanned four levels, these being 1.3, 2.0, 2.7 and 3.4 h. In Table 
8.2 the summary of the design of experiments adopted is presented, including the codification 
of the independent variables. 
 
Table 8.2 – Codifications and levels of correspondence of the variables used in the optimization 
study. 
Factor Variable Codified variable 
Level of correspondence 
-1 -0.33 0 0.33 1 
pressure (bar) 𝑃 𝑋P = (𝑃 − 250)/100  150 - 250 - 350 
extraction time (h) 𝑡 𝑋t = (𝑡 − 2.35)/1.05 1.3 2.0 - 2.7 3.4 
 
In order to obtain the contributions of the linear, pure quadratic and crossed effects of the 
process parameters selected above, the following polynomial relation was adopted: 
 
COM = 𝛽0 + 𝛽1×XP + 𝛽2XP













where the 𝛽 coefficients are the model parameters from which the influence of the various 
effects is pondered and ranked. In the particular case of this work, COM studies were applied 
to the production of oil (COMoil) and sterols mixture (COMsterols). 
 
For the statistical treatment of the experimental results, JMP® software (version 8.0) was used. 
t-tests were performed in order to judge the individual significance of the estimated coefficients 
of the model. Finally, the goodness of the fit was assessed from the values of the coefficient of 
determination and its adjusted version (𝑅2 and 𝑅adj
2 , respectively). 
 
 
Economic analysis - The overall process considered in this work encompasses a total of three 
stages: a pretreatment step comprising milling and drying units, the SFE extraction unit, and a 
purification unit, with the following features: 
 
 (i) The milling is accomplished in a hammer mill for crushing the seeds, which is able to 
reduce the average particle size down to 5-47 μm. The nominal power of the unit is 145 kW, 
and an estimated price is 230 k€. The drying unit consists of one belt drying system and is 
devoted to the reduction of the moisture content from a natural moisture value of 12.34 % [38] 
to 5.88 % [36], where steam and electricity are the necessary utilities for this purpose. The 
predicted investment needed for such solution can be as high as 0.35 M€ [5], which makes the 
drying stage to demand an investment that amounts 11.5 % of the one required for the SFE 
stage. 
(ii) The SFE unit consists of two extraction vessels of 1 m3 capacity each (the size was 
chosen in accordance with the typical availability of the biomass), one CO2 storage tank, one 
pump, a heat exchanger, a condenser, a set of valves, and a separator. Being the key stage of the 
process, the whole unit demands an investment of 3.05 M€, which accounts for 82.8 % of the 
investment; 
(iii) The purification unit consists of a distillation column to be operated under vacuum 
and sized in accordance with the oil production capacity of the SFE unit. The investment cost 
(FCI) for the fractionation column was estimated by the method proposed by Turton et al. [22], 
which considers the cost of equipment as a function of the operating pressure, materials of 
construction and geometrical characteristics of the unit. Accordingly, the investment cost for 
the purification unit amounts only 0.3 % of that required for the SFE stage. 
 
Regarding the operation of the SFE unit, a ratio of one employee per extractor was adopted, as 
well as 24 hours operation per day, during 330 days per year. Furthermore, it was considered 
that only one extraction cycle takes place at a given time, implying that while one extractor is 
running the remaining extractor is being prepared (it is assumed the time needed to unload, 
load and pressurize one extractor is 1 h). Since two extraction cycles do not occur 
simultaneously, the extractor in preparation must always wait for the end of the ongoing cycle 
  











in order to start. Regarding the separation/collecting vessel, a minimum pressure of 45 bar was 
admitted, and a temperature of 40 ºC was chosen in accordance to the reference study 
considered [36]. The costs of utility consumption were obtained from Aspen Plus® 7.3 
simulations of the SFE process, as presented in Figure 8.4. 
 
Beyond the cost of manufacturing, the overall net income should also be considered for a more 
complete assessment of the economic performance of the integrated unit, since the revenues of 
the process may (or may not) compensate higher costs of production and/or oscillations in 
production volumes. Regarding the pricings of the oil and sterols mixture, conservative values 
were considered for both products, being these 30 and 350 € kg−1, respectively.  
 
 
Figure 8.4 – Process flowsheet used for the estimation of the costs related to utilities 
consumption in the integrated process. The drying stage is not represented. 
 
 
Project and simulation in Aspen Plus® - The recovery of phytosterols from vegetable and 
tall oils is a well-known goal, for which several process strategies are described in patents 
literature [39]. The most typical methods range from adsorptive [40-41] to chemical reaction 
[42], and also thermodynamic fractioning [43] natures.  
 
In this work the removal of sterols by high vacuum distillation was adopted following Clark et 
al. patent [43], which briefly encompasses a column operating between 240 ºC and 196 ºC at 
0.004 bar. These values fall in the temperatures ranges typically employed in postreatment 
steps of oils such as deodorization [43], being thus compatible with thermal processing already 
used in the vegetable oils industry. 
 
With respect to the feed composition, a representative stream was adopted based on the 
characterization of the raw material present in reference [36]. Accordingly for the simulations, 
the stream comprehended the following compounds:  oleic acid (85 %, w/w), palmitic acid 
  









(7.3 %), and stearic acid (7.4 %) for the fatty acid fraction, and stigmasterol (0.05 %) and beta-
sitosterol (0.2 %) for the sterol fraction of the extract.  
 
The purification process of Clark et al. [43] was adapted to the SFE of ben oil under study, and 
Aspen Plus® version 7.3 was used to simulate the distillation column towards the desired 
separation. The NRTL model was the thermodynamic expression chosen in the calculations. 
The first steps of the purification approach comprised the preliminary design of the column for 
the aforementioned feed composition and operating conditions. The study revealed that a 
column with 5 theoretical stages, a diameter of 1 meter, a distillate-to-feed ratio of 0.9981, and 
a reflux ratio five times greater than the minimum (conservative heuristic rule) is able to 
produce sterols with purity up to 89.4 wt.% (bottom product). 
 
 
Supercritical fluid extraction - The experimental procedure used for this study are the 
same presented in Chapter 5 in section 5.2.3 for the study of this raw material, namely assays 
5.14 and 5.18 (recall Table 5.3, in Chapter 5). 
 
Economic analysis - The list of assumptions that support our economic assessment results is 
presented in Table 8.3. All data regarding utilities costs were obtained from simulations of the 
SFE process in Aspen Plus® (version 7.3).  
 
 
Equilibrium calculations: lycopene solubility - Lycopene solubility in supercritical 
carbon dioxide was estimated in order to provide useful arguments for an enriched 
understanding of the experimental and economic results of this work. The adopted approach is 
similar to that used for the estimation of ursolic acid in a previous study of SFE of Eucalyptus 


















where 𝑖 is the solute (lycopene), 𝑦𝑖
∗ is solute solubility, 𝑃𝑖
𝑠𝑎𝑡(𝑇)  is solute vapor pressure, 
∅𝑖
𝑆𝐶𝐹(𝑃, 𝑇, 𝑦𝑖
∗) is the fugacity coefficient of the solute in supercritical phase, 𝑉i
𝑠𝑜𝑙𝑖𝑑 is the solute 
molar volume in solid state, ℜ is the universal gas constant, P is pressure, and T is temperature. 
In brief, 𝑃𝑖
𝑠𝑎𝑡(𝑇) was calculated using an integrated form of the Clausius-Clapeyron equation 
proposed by Sepassi et al. [44] that depends on the knowledge of boiling (𝑇b) and melting (𝑇m)   
8.2.2 STUDY II – SFE OF SPENT COFFEE GROUNDS [3] 
8.2.3 STUDY II – SFE OF TOMATO RESIDUES  [4] 
  











temperatures. The latter two,  as well as the critical temperature (𝑇c) , were computed from the  
group contribution method proposed by Marrero et al.[45]. With regard to the fugacity 
coefficient, ∅𝑖
𝑆𝐶𝐹(𝑃, 𝑇, 𝑦𝑖
∗), the calculation was accomplished with the Peng-Robinson Equation of 
State (PR-EoS) [9, 46-47].  Other latent lycopene properties such as boiling and melting heat 
capacities and entropies changes (Δ𝐶p,b, Δ𝐶p,m, Δ𝑆m , Δ𝑆b, respectively) were computed with 
subsidiary expressions proposed by Sepassi et al. [44]. All the necessary equations are compiled 
in Table 8.4. 
 
Table 8.3 - List of assumptions of the economic analysis of the SFE of spent coffee grounds. 
General - Unit working period:  24 h per day, 330 days per year. 
- Number of workers per extractor = 1. 
- Scale-up criterion: solvent flow rate per mass of SCG in the extractor QCO2 wSCG-1  
- Minimum pressure in the separator (extract collection vessel) = 45 bar. 
- Required time to unload, load and pressurize 1 extractor (𝑡prep ): 1 h 
- Whenever the extraction time is inferior to the preparation time (𝑡 < 𝑡prep =
1h ), the unit is switched off. 
- The CO2 losses in each full decompression correspond to the mass of CO2 inside 
the extractor at 45 bar and 40 ºC. 
- SCG bed density = 400 kg m-3. 
- SCG bed porosity = 0.8. 
- Exchange ratio €/$US (on  May 2013) = 0.766 
- Market price of coffee oil = 130 € kg-1 [48] (in ref. [49], a large value of  194 €kg-1  
is reported. We adopted the lower one for a conservative analysis of the process.) 
- SCG initial moisture = 60.7 % (wt) [50] 
- Dried SCG heat capacity = 1.434 kJ kg-1 ºC-1 [51] 
 
FCI - Annual depreciation rate = 10 % 
- SFE units prices: 
   (i) 1.5 M€ for a unit comprising two 0.4 m3 extractors as presented by Rosa and 
Meireles [52];  
   (ii) 2.3 M€ for a three-extractors unit each with 0.4 m3 of capacity, calculated by 
the expression proposed by Lack et al. [23];  
   (iii) 3.2 M€ for a three-extractors unit each with 1.0 m3 of capacity, calculated by 
the expression proposed by Lack et al. [23]. 
 
COL - Labor cost = 10 € h-1 worker-1 
 
CUT - Cost of electricity = 50 € MWh-1 
- Cost of steam = 1.53 € ton-1 
 
CWT - Cost of waste treatment = 0 € 
 
CR - Cost of spent coffee grounds drying = 0.016 € kg-1SCG 
- Cost of CO2 = 800 € ton-1 
 
  









Economic analysis - Different assumptions were established, being all presented in Table 
8.5. Besides these, all data regarding utilities costs were obtained by Aspen Plus® (version 7.3) 
simulations of the SFE process. 
 
The commercial plant that was considered for the economic study comprises three modules: 1 
filter press unit for the primary reduction of the biomass moisture from 82.5 % to 30 % (wt.) 
Table 8.4 – List of equations utilized for the calculation of the fugacity coefficient and vapor 
pressure of lycopene needed in Eq. (8).  














































































𝑇b= 𝑇b0𝑒𝑥𝑝 (∑ 𝑁𝑖𝑇b1𝑖 +𝑖 ∑ 𝑀𝑗𝑇b2𝑗 + ∑ 𝑂𝑘𝑇b3𝑘𝑘𝑗 ) [45] (11) 
𝑇c= 𝑇𝑐0𝑒𝑥𝑝 (∑ 𝑁𝑖𝑇c1𝑖 +𝑖 ∑ 𝑀𝑗𝑇c2𝑗 + ∑ 𝑂𝑘𝑇c3𝑘𝑘𝑗 ) [45] (12) 
𝑃c= 𝑃𝑐4 + (𝑃𝑐5 + ∑ 𝑁𝑖𝑃c1𝑖 +𝑖 ∑ 𝑀𝑗𝑃c2𝑗 + ∑ 𝑂𝑘𝑃c3𝑘𝑘𝑗 )
−0.5
 [45] (13) 
𝑉c= 𝑉𝑐0 + ∑ 𝑁𝑖𝑇c1𝑖 +𝑖 ∑ 𝑀𝑗𝑇c2𝑗 + ∑ 𝑂𝑘𝑇c3𝑘𝑘𝑗  [45] (14) 
Δ𝑆𝑚 = 56.5 − 19.2 𝐿𝑜𝑔 (𝜎) + 9.2𝜏 [44] (15) 
Δ𝑆𝑏 = 86 + 0.4𝜏 + 1421 HBP [44] (16) 
Δ𝐶p𝑚 = Δ𝑆𝑚  [44] (17) 
Δ𝐶pb = −56 − 4𝜏 − 40 HBP [44] (18) 
* Nomenclature: 𝜏 is the molecular flexibility number; 𝜎 is the molecular symmetry 
parameter; HBN is the hydrogen bond density number; HBP is the hydrogen bonding 
parameter; 𝑀, 𝑂, 𝑃𝑐1, 𝑃𝑐2, 𝑃𝑐3, 𝑃𝑐4, 𝑃𝑐5 𝑉𝑐0, 𝑉𝑐1, 𝑉𝑐2, 𝑉𝑐3, 𝑇𝑐0, 𝑇𝑐1, 𝑇𝑐2, 𝑇𝑐3, 𝑇b0, 𝑇b1, 𝑇b2, 𝑇b3 are group 
contribution parameters of the method. 
 
through the consumption of power, 1 belt drying system for the subsequent reduction of 
moisture from 30 % to 4.6 % (wt.) that demands both steam and electricity utilities, and, 
finally, one SFE unit with two extractors of 1 m3 intended to work alternately. The estimated 
price for the pretreatment modules is 0.35 M€, and the anticipated price for the full SFE unit is 
2.6 M€. For the particular case of supercritical ethane, it is known that hazardous locations 
require special precautions, such as explosion proof equipment and wiring. Such installations 
  











reach two to three times the cost of similar installations in nonharzardous (e.g. general-
purpose) location [53]. In this sense, a three-fold price of SFE unit (7.8 M€) was used in order 
to take into account the hazardous character imposed by the usage of ethane. 
 
Concerning the SFE unit, a daily operation of 24 hours and an annual activity of 330 days were 
assumed. For such activity one employee per extractor is necessary, which results in the  
Table 8.5 − List of assumptions of the economic analysis of the SFE of tomato wastes. 
General - Unit working period:  24 h per day, 330 days per year. 
- Number of workers per extractor = 1. 
- Scale-up criterion: solvent flow rate per mass of dried biomass in the extractor 
(𝑄CO2  𝑤biomass
−1 ) 
- Minimum pressure in the separator (extract collection vessel) = 45 bar. 
- Required time to unload, load and pressurize extractor (𝑡prep ): 1 h 
- Maximum number of extractors in operation: 1 for a scheme of 2 extractors in 
parallel; 
- Maximum number of extractors under unload/load/repressurization = 1 
- Whenever the extraction time is inferior to the previous preparation time (1 h), the 
unit is switched off until the next cycle. 
- The fluid losses in each full decompression correspond to the mass of fluid inside the 
extractor at 45 bar and 40 ºC. 
- Bed porosity = 0.8  
- Exchange ratio $US/€ (on  July  2014) = 0.736 
- Biomass initial moisture = 82.5 % (wt.) [54] 
- Tomato heat capacity = 4.0 kJ kg-1 ºC-1  
 
FCI - Annual depreciation rate = 10 % 
- Price of a two-extractor of 1 m3 capacity SFE unit:  2.6 M€ 
- Price of a two-extractor of 1 m3 capacity SFE unit for an hazardous solvent:  7.9 M€ 
- Price of tomato waste drying unit: 0.35 M€ 
 
COL - Labor cost = 10 € h-1worker-1 
 
CUT - Cost of electricity = 50 € MWh-1 
- Cost of steam = 1.53 € ton-1 
- Drying costs comprise the utilities necessary for the reduction of tomato moisture 
from 82.5 % to 4.6 % (wt.) 
 
CWT - Cost of waste treatment = 0 € 
 
CRM - Cost of CO2 = 800 € ton-1 
- Cost of ethane = 941 € ton-1 
 
 
constant presence of two workers: one to control the extraction itself, and the other devoted to 
the preparation of the resting extractor for the next cycle of extraction. Based on insights from 
commercial units [3, 55-56], a 1 h period was defined as the required time for the preparation 
stage. The latter comprises full decompression of the extractor with the depleted bed, removal 
  









of the latter, introduction of virgin biomass, and subsequent unit pressurization up to the 
desired extraction pressure. In addition, only one extraction cycle takes place at a given time, 
which implies that the extractor under preparation must always wait for the end of the ongoing 
extraction cycle to start its own cycle. In case the extraction time is shorter than the time 
required for the preparation of the resting extraction, the unit is shut down and the 
consumption of utilities is suspended. 
 
With respect to the minimum pressure of the system, a value of 45 bar was specified. This is the 
low pressure needed for extract collection, which is performed at extractor outlet. Such 
pressure should be low enough to allow the precipitation of the solutes due to solvent 
expansion, but not so low to avoid excessive compressing costs. However, there is an additional 
subtle point that must be taken into account. In a previous economic study on the SFE of spent 
coffee grounds [3] it was shown that, from the point of view of COM, 45 bar is realistic and 
very appropriate. The reason is that it largely influences the amount of CO2 that is lost in each 
full decompression at the end of each cycle, which thus reflects on the magnitude of costs of the 
raw material (CRM) parcel. 
 
Response Surface Methodology (RSM) - This technique has been broadly employed in 
SFE of vegetable biomass, being examples of its application the works on olive [57-58], eucalypt 
[11], spent coffee [8, 59], or vetiver [60-61]. However, it is typically used to optimize 
productivity indicators such as extraction yields rather than economic indicators like COM or 
net income. In this work, RSM was applied with this second objective. 
 
An experimental design comprising three factors and a mix of three and four levels was 
adopted, totalizing 36 experiments. Pressure and temperature were studied with three levels of 
variation each: 𝑃 = 300, 400 and 500 bar, and 𝑇 = 70, 80 and 90 ºC. On the other hand, spent 
CO2 was studied in four equidistant levels: 𝑤CO2 = 25, 50, 75 and 100 kgCO2kgsample
−1 . In this 
case four levels were fixed to represent more accurately the hard nonlinear behavior of some of 
the extraction curves analyzed in this work (as it is evident below in Figure 8.26). In Table 8.6 a 
summary of the experimental design adopted for the COM study is provided. 
 
Table 8.6 – Codification and levels of the independent variables used in the COM optimization 
of SFE of tomato wastes. 
Factor Variable Variable 
Level Correspondence 
-1 -0.333 0 +0.333 +1 
Pressure (bar) 𝑃  300 - 400 - 500 





















In view of the interest to disclose linear, quadratic and crossed sources of influence, a 
corresponding quadratic polynomial was adopted:  
 
where the 𝛽𝑖 coefficients are the model parameters from which the different influence 
contributions are pondered and ranked. For the regression, factors were coded according to the 
level correspondence provided in Table 8.6. 
 
JMP® software (version 8.0) was used for statistical treatment of the results. Accordingly, t-
tests were applied to judge the significance (𝛽𝑖 ≠ 0) of the estimated coefficients of the model. 
The determination coefficient, 𝑅2, and its adjusted version, 𝑅adj
2 , were used to evaluate the 
goodness of the fit of the regression model. 
 
 
Economic analysis - As referred in the introduction, RSM-COM optimization approach uses 
an economic based response to model the performance of the whole SFE process (including 
drying pretreatment). For each of the parcels of Eq. (1), different assumptions were established, 
being presented in Table 8.7.  
 
With reference to the commercial plant, the proposed capacity of the SFE unit (two 0.4 m3 
extractors) was chosen in view of the outputs of existing farms of gac fruit, being therefore 
compatible with typical production rates. For the drying unit, an identical technical solution as 
the one proposed for SFE of tomato waste [4] was employed: one filter press unit for the 
primary reduction of the biomass moisture from 80 % to 30 % (wt.) through the consumption 
of electric energy, and one belt drying system for the subsequent reduction of moisture from 30 
% to 7 % (wt.), demanding both steam and electric energy. In the whole, the full process 
(extraction plus drying) requires an investment of 2.95 M€ (see FCI in Table 8.7). 
 
As far as the SFE unit is concerned, a ratio of one employee per extractor was adopted (i.e. two 
workers always present during the unit operation), as well as a daily operation of 24 h during 
330 days per year. In addition, one hour was adopted as the time necessary for preparation stage 
(𝑡prep ), which comprises full decompression of the extractor with the depleted bed, removal of 
the latter, introduction of a new biomass load, and subsequent unit pressurization up to the 
desired extraction pressure. The assumed preparation time value has been also admitted by 
other SFE researchers [29, 62]. Moreover, only one extraction cycle takes place at a given time, 
which implies that the extractor under preparation must always wait for the end of the ongoing 
extraction cycle to start its own cycle. For this reason, in the eventual case the extraction time 
𝐂𝐎𝐌 =  𝜷𝟎 + 𝜷𝟏𝑿𝐏 + 𝜷𝟐𝑿𝐓 + 𝜷𝟑𝑿𝐰𝐂𝐎𝟐 + 𝜷𝟒𝑿𝐏
𝟐 + 𝜷𝟓𝑿𝐓
𝟐 + 𝜷𝟔𝑿𝐰𝐂𝐎𝟐
𝟐 + 𝜷𝟕𝑿𝐏𝑿𝐓+ 
𝜷𝟖𝑿𝐏𝑿𝐰𝐂𝐎𝟐 + 𝜷𝟗𝑿𝐓𝑿𝐰𝐂𝐎𝟐 
(19) 
8.2.4 STUDY  IV – SFE OF GAC FRUIT [5]. 
  









is shorter than the preparation time of the resting extractor, the unit is shut down and the 
consumption of utilities is suspended.  
 
All data regarding utilities costs were obtained by Aspen Plus® (version 7.3) simulations of the 
SFE process, using RK-Aspen as the thermodynamic model. A flowsheet of the proposed unit is 
exhibited in Figure 8.5, with the extractors in central position (“XTRACTOR” and 
“XTRACTOR2” labels), and CO2 storage reservoir (“CO2TANK”), pumping and heating on 
the left. On the right side of the extractors, the decompression valve (“BPR”) is used to impose 
the intended extract collection vessel (“SEPARATO”) pressure (45 bar, see Table 8.7). The 
gaseous CO2 leaving the separator flows then to a condenser (“CONDENSE”) that promotes 
phase change to liquid state and further storage in “CO2TANK”, which has also an additional 
inlet stream comprising make-up CO2 to cope with solvent losses. 
 
Table 8.7 − List of assumptions of the economic analysis of the SFE of gac oil. 
General - Unit working period:  24 h per day, 330 days per year; 
- Number of workers per extractor = 1; 
- Scale-up criterion: solvent mass per mass of dried biomass in the extractor 
(𝑤CO2  𝑤biomass
−1 ); 
- Extract collection vessel pressure = 45 bar; 
- Required time to unload, load and pressurize extractor: 𝑡prep = 1 h; 
- Maximum number of extractors in operation: 1 for a scheme of 2 extractors in 
parallel; 
- Maximum number of extractors under unload/load/repressurization = 1; 
- Whenever the extraction time is inferior to the previous preparation time (1 h), the 
unit is switched off until the next cycle; 
- The fluid losses in each full decompression at the end of each cycle is the mass of CO2 
inside the extractor at 45 bar and 40 ºC; 
- Bed porosity = 0.8; 
- Exchange ratio $US/€ (on  October  2014) = 0.7917; 
- Biomass initial moisture = 80 % [63] ; 
 
FCI - Annual depreciation rate = 10 %; 
- Price of a two-extractor of 0.4 m3 capacity SFE unit:  2.6 M€; 
- Price of a drying unit: 0.35 M€; 
 
COL - Labor cost = 10 € h-1worker-1; 
 
CUT - Cost of electricity = 50 € MWh-1; 
- Cost of steam = 1.53 € ton-1; 
- Drying costs comprise the utilities necessary for the reduction of gac aryl moisture 
from 80 % to 7 % (wt.) ; 
 
CWT - Cost of waste treatment = 0 €; 
 
















Figure 8.5 – SFE unit flowsheet of the simulation in Aspen Plus® (version 7.3), used for the 
calculation of utilities and energy consumption under different operating conditions. The drying 
unit is not shown for simplicity. 
 
Response Surface Methodology (RSM) - An experimental design comprising three factors 
(𝑃, 𝑇, 𝑡) and a mix of two and four levels was adopted, totalizing 24 experiments. Pressure was 
studied with two levels of variation (200 and 400 bar), temperature with three levels (40 , 50 
and 60 ºC), and extraction time with four equidistant levels (0.5, 1.0, 1.5 and 2.0 h). Table 8.8 
provides a summary of the experimental design adopted for the RSM-COM optimization study.   
 
In view of the interest to disclose linear, quadratic and crossed sources of influence, a 
multivariate second-degree polynomial was adopted according to: 
 
where the
i coefficients are the model parameters from which the individual monomial 
contributions are pondered and ranked. For the regression, the three factors were coded 
according to the level correspondence provided in Table 8.8. 
 
JMP® software (version 8.0) was used for statistical treatment of the results. Accordingly, t-
tests were applied to judge the significance of the fitted coefficients of the model for a 95% 
confidence level. The coefficient of determination, 𝑅2, and its adjusted version, 𝑅𝑎𝑑𝑗
2 , were 
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Table 8.8 – Codification and levels of the three independent variables considered in the RSM-





Brief description of the SFE curves - The proposed integrated process comprising drying 
pretreatment, SFE and vacuum distillation is based on the experimental SFE data obtained by 
Ruttarattanamongkol et al. [36], namely SFE curves measured for conditions of pressure and 
temperature ranging from 150 to 350 bar and 25 to 35 ºC, respectively – Figure 8.6. The seeds 
were previously de-hulled, ground into a powder and sieved through 1 mm screening size. The 
sub/supercritical extraction assays were performed in a pilot plant of Natex Prozesstechnologie 
(Ternitz, Austria) with capacity of 2 L and a load of 850 g of biomass per run. The system 
includes an extraction column, a vessel for extract collection (separator), a CO2 storage tank, a 
heat exchanger, a piston pump and pressure reduction valve. The CO2 flow rate was maintained 
at 20 kg h−1 for each extraction run, which corresponds to a flow rate/biomass weight ratio of 
25.53 h-1, and the temperature inside the separator was fixed at 40 ºC. With regard to sterols 
quantification, Gas Chromatography-Mass Spectrometry (GC-MS) was employed to assess their 
concentration in the moringa oil samples. 
 
In Table 8.19 a summary of operating conditions (temperature, flow rate, pressure) of the 
selected SFE curves is reported, including the estimated oil solubility for the various conditions 
using Eq.(6). In addition, the minimum COMoil among the extraction times studied is reported, 
as well as the respective oil production under the conditions of the said minimum COMoil. 
 
In terms of overall trends, Table 8.9 is quite clear: oil solubility increases as pressure is 
increased, leading to a consequent enhancement in oil production and a decrease in the cost of 
manufacturing of moringa oil. The course of these trends will be object of statistical 
confirmation, embodied in the RSM-COM analysis. 
 
Factor Variable Codified Variable 
Level Correspondence between variables 
and codified variables 
-1 -0.333 0 +0.333 +1 
Pressure (bar)   𝑃 𝑋P =
𝑃 − 300
100
  200  - - - 400 
Temperature (ºC)  𝑇 𝑋T =
𝑇 − 50
10
 40 - 50 - 60 
Time (h) 𝑡 𝑋t =
𝑡 − 1.25
0.750
 0.5 1.0 - 1.5  2.0  
8.3 RESULTS AND DISCUSSION 
8.3.1 STUDY I – SFE OF MORINGA SEEDS [2] 
  












Figure 8.6 – Experimental extraction curves of moringa oil, where the shaded area represents 
the time interval covered by the RSM-COM analysis of this work. Data taken from [36]. 
 
 
Table 8.9 - Compilation of experimental values used in the RSM-COM optimization, 








Oil solubility  
(goil LCO2
−1 ) 
Min COM oil 
(€ kgoil
−1) 
Oil Production @ Min 
COM oil (kgoil year
−1) 
30 20 
150 1.92 6.52 163 320 
250 3.56 3.81 329 586 
350 5.10 2.64 558 870 
 
 
Screening of the significant factors - The RSM-COM approach under discussion is 
specifically focused on oil, which means the purification expenses to obtain the sterols fraction 
were left out of these calculations. In this sense, the bulk oil directly produced by the SFE unit 
was taken as the product into which COMoil refers to. 
 
Upon building a regression of COMoil as function of the process variables, a screening was 
performed in order not only to evaluate the significance of each effect upon the generic model 
and to discard the non-significant ones, but also to disclose their impact (positive or negative) 
on the cost of manufacturing.  
 
In Figure 8.7 the Pareto diagram concerning the fitted model is presented, being the relative 
impacts on COMoil hierarchized from highest contribution (bottom of the graphic) to the lowest 
  









contributions (top of the graphic). Observing each variable individually, pressure is clearly the 
most significant factor, either linearly (𝑃), quadratically (𝑃2) or crossed with time (𝑃×𝑡). 
Moreover, this contribution accounts for more than 45 % of the weight on the response, being 
therefore the governing term in the process. While it is known that higher pressures imply 
greater utilities consumption (in this work they increase 32 % when passing from 150 to 350 
bar), the Pareto chart evidences that these expenses do not prevail along pressure increments, 
since an overall cheapening of the extraction process is reported along 𝑃. Remarkably, the linear 
effect of pressure is the only effect that acts in favor of the economy of the process, i.e. leads to 
lower COMoil values. Such behavior has been also reported in the SFE of lycopene [4] and gac oil 
[5]. The remaining contributions (𝑡, 𝑡2, 𝑃×𝑡 and 𝑃2) increase COMoil, being 𝑃2 the second most 
important effect after 𝑃, followed by the crossed contribution between pressure and time (𝑃×𝑡). 
 
Figure 8.7 – Statistical analysis of the impact of different factors and interactions upon COMoil. 
Dashed lines delimit the region of no statistical significance for a 95% confidence interval. 
 
The diminution of COMoil with the increase of pressure can be interpreted in light of the oil 
solubility dependence reported in Table 8.9. The sensitivity of a SFE process to solubility 
variations becomes more relevant when dealing with biomass of high oil contents (typically the 
case of the commodity edible oils), since saturation of the sub/supercritical phase is prone to be 
reached at extractor outlet. Under such circumstances, the oil uptake typically resembles a 
straight line from the beginning of the SFE onwards, giving rise to the well-known first period 
of extraction. Since pressure increments increase SC-CO2 density, which in turn imparts a 
power law driven increase on the solubility (from Eq. (6), 𝑦i
∗ ∝ 𝜌f
𝑘1), the higher the 𝑃 the more 
the overall process productivity is increased, which is highly advantageous for SFE economy. 
 
With regard to the effects imparted by extraction time, the strongest influence of this factor on 
COMoil takes place setting 𝑃 as moderator (i. e.  𝑃×𝑡 ), which means that the way the time affects 
the process costs depends on the selected value of pressure. This result is in agreement with the 
observations taken from Figure 8.6 in the sense that: i) at 150 bar, increasing time is 
advantageous in the shadowed region since the extraction rate keeps constant. The linear shape 
  











of this cumulative curve ensures that productivity is proportional to the extraction time; ii) at 
250 and 350 bar the rate suffers a progressive decrease along time, making the process less 
productive after 1.3 h of extraction. This is due to the significant enhancement of solubility at 
higher pressures, which increases the driving force to mass transfer and thus the overall 
extractives fluxes, that rapidly exhausts the biomass bed. In this way, one easily reaches the 
second period of extraction (ruled by intraparticle diffusion) where productivity is not 
proportional to the extraction time.  
 
 
Optimization of the SFE process - Taking into account that all factors (𝑡, 𝑡2, 𝑃×𝑡 and 𝑃2) are 
statistically significant to COMoil for a 95% confidence interval, all them were maintained in the 
response surface model. The final uncoded equation is given by: 
COMoil = 0.0000949×𝑃
2 + 0.00506×𝑃×𝑡 − 0.0759×𝑃 + 0.179×𝑡2 − 1.90×𝑡 + 17.5 (21) 
 
where COMoil is expressed in € kgoil
−1, 𝑃 in bar, and 𝑡 in h. In order to visualize the individual 
effects imparted by pressure and time, and their conjugated contribution to COMoil, a graphical 
representation of Eq. (21) is plotted in Figure 8.8. In a first general view, the COMoil values 
range from 7.4 € kgoil
−1 at 150 bar and 1.3 h, to 2.8 € kgoil
−1 at 350 bar and the same extraction 
time, and at a constant temperature of 30 ℃.  
 
Within the plotted [𝑃, 𝑡] frame of Figure 8.8, the optima operating conditions are the 
combination of highest pressure (350 bar) and shortest extraction time (1.3 h), which 
corresponds to a total of 6010 extraction cycles. In addition, the fact that the smallest value of t 
is responsible for both the maximum and minimum COMoil is an indicator that pressure is in fact 
the key factor of COMoil.  
 
Since oil solubility increases with increasing pressure, the time required to produce an equal 
amount of extract (at fixed solvent flow rate) is naturally lower at higher 𝑃. Additionally, an 
operation under quicker extraction cycles allows the number of batches per year to be 
increased, which enhances the annual oil production. Taking into consideration that COMoil is 
indexed to the amount of oil obtained, higher productivity gives rise also to a decrease in the 
costs of production. 
  










Figure 8.8 - COMoil as function of pressure and extraction time. Symbols are calculated results, 
and the response surface model is Eq. (21). 
 
With regard to the market attractiveness of the reported COMoil values, since moringa oil fatty 
acid profile is similar to those of high value edible oils (high concentration of oleic and behenic 
acids) [36], its price can attain values as high as 50 € kgoil
−1 [64]. Nonetheless, even adopting a 
more conservative market price of 30 € kgoil
−1 - as it was done for the net income calculations in 




Integrated process with sterols purification - Sterols are a complementary high value 
fraction of moringa oil that could be exploited as a second independent product of the SFE 
process, rather than minor components with negligible added value for the bulk oil. Owing to 
the higher market value of sterols in relation to ben oil, the integration of a sterols purification 
step after the SFE stage could add more value to the whole process. This was the principle 
behind studying the inclusion of a purification stage. 
 
As far as the assessment of the process costs for the two products is concerned, they were 
estimated with the same COM expression used previously (see Eq. (1)), but with the following 
nuances: (i) COMoil comprises the FCI, CUT, COL costs of the upstream stages of moringa bulk 
oil production, namely the drying biomass and the subcritical extraction; (ii) 
COMsterols comprehends not only the FCI, CUT and COL costs specifically related to the 
purification goal, but also all the costs implied in the previous production of bulk moringa oil. 
In practice: 
  











COMsterols = COMoil + Purification stage costs (FCI, CUT, COL) (22) 
 
While it is clear from the previous topics that the economic attractiveness of sterols isolation 
depends on the cumulative costs of three stages (drying + SFE + purification), four scenarios 
involving the operation of the integrated process have been analyzed in this work, by combining 
different number of workers with distinct production arrangements. In Table 8.10 the results 
achieved for the four cases considered are summarized, being the reference scenario a 
production case where no purification stage exists at all (i.e. only drying + SFE are assumed). 
 
Since the expansion of the process through the introduction of additional units forces the re-
arrangement of the work plan of the plant, an additional full-time worker may be necessary to 
cope with the operation of the distillation column (2nd Scenario). In alternative, one may 
consider rearranging the production so that the two workers of the reference case can deal both 
with extraction and purification stages at the expenses of stopping the extraction unit during 
one day a week, and using that day to purify the oil obtained in the previous six days (3rd 
Scenario). Finally, the last possibility comprises the ideal situation where the distillation unit can 
be operated one day a week in parallel to the SFE unit (which in turn operates 7 days per week), 
with same number of workers of the reference case (4th scenario). 
 
Due to the relatively low amounts of purified sterols obtained from the purification unit (a 
maximum of 1.9 ton year−1), a continuous operation may be not necessary [65]. Hence, a batch 
or semi-batch distillation was chosen for the sterols isolation, which opened the way for the 
different scenarios concerning when and how to operate this unit. 
 
Before discussing the performance of COMsterols  for each scenario, it is worthwhile to note that 
COMoil is only affected when less days of production are established for the SFE unit, which 
happens in the 3rd scenario. In the latter, COMoil jumps to 2.96 € kgoil
−1 , which represents a cost of 
production 6.8 % greater than the reference value (2.76 € kgoil
−1). Furthermore, such constraints 
on the time devoted to the SFE operation impose a much more significant impact on annual 
production, which is reduced by 15.8 % in the case of the 3rd scenario. This drops the overall 
net income of the process by 12.7 % in relation to the reference value of 15.22 M€ year−1 of the 
1st case. 
 
Concerning COMsterols, 2nd and 4th scenarios represent opposite realities in terms of human 
resources synergies for an integrated process like the one considered. In fact, when an extra 
worker is specifically allocated to the purification process, COMsterols jumps to 23.29 € kgsterols
−1 . 
If this extra worker is not hired to cope only with the purification stage, COMsterols   is decreased 
by 77.9 %, amounting 5.60 € kgsterols
−1 . Owing to the lower cost of production, the 4th scenario is 
  









the one that leads to the highest net income values, namely 15.87 M€ year−1. This clearly 
underlines the advantages of considering an integrated process involving a sharing of human 
resources (4th scenario) in relation to two processes requiring independent human resources (2nd 
scenario), answering thus to the opportunity to bridge SFE with posttreatment that increase the 
added-value of the bulk extracts or oils produced.  
 
Table 8.10 – Economic performance of the integrated process (drying + SFE + purification) 



















- Oil = 2.76 Oil = 558.9 15.22 
2nd case 
2+1 






Oil = 2.76 
Sterols = 23.3 
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Furthermore, an important insight also verified in other RSM-COM work [4] is that the 
arrangements that minimize the cost of manufacturing may not always be the most favorable 
conditions to maximize the profits of the process, since the annual net income relies also on the 
production volumes attained, and also on the market prices of the products in question. 
 
In the whole, the analysis presented in this section shows that the purification approach of the 
bulk moringa oil towards the production of a secondary enriched sterols stream with almost 
89.4 % purity can be accomplished with advantage as a downstream stage of the SFE unit. Due 
to the fact sterols represent very low fractions of the oil, the economic performance of 
purification is able to enhance the overall process net income only up to 4.3 % (4th scenario).  
This percentage is fully due to the specific valorization of the 0.25 % fraction that sterols 


















Selection of SFE curves and extraction times - In view of the objective to perform an 
economic evaluation of this SFE process, the selection of the operating conditions was based on 
the normalized cumulative curves of Figure 8.9. Runs 5.14 and 5.18 were chosen for this 
purpose: 190 bar/40 ºC and 300 bar/50 ºC (see Table 5.3 and Figure 8.9). 
 
To perform the comparative economic evaluation, the extraction time should be held constant 
in each case. The specification of this variable is very important because it defines the moment 
when an extracted bed should be replaced by a virgin one, and through this definition aspects 
like utilities, SCG processed or energy costs are also affected. In this essay it corresponds to the 
transition from the period when process is being mostly controlled by external mass transfer 
limitations and the period when intraparticle diffusion starts to be dominant, which can be 
determined by the intersection of the straight lines fitting both regimes (see Figure 8.19). The 
times obtained are 0.7 h and 3.8 h for 300 bar/50 ºC and 190 bar/40 ºC runs, respectively. 
 
 
Figure 8.9 – SFE curves of spent coffee grounds (SCG) of experiments 5.14 and 5.18 of Table 
5.3, and determination of their extraction times. 
 
Economic evaluation - The economic assessment of the SFE of the SCG oil based on the data 
of Figure 8.9, and Tables 8.3 was accomplished after fitting the extraction time.  
 
A SFE unit comprising two 0.4 m3 extractors (see Table 8.3) was chosen to compare the 
performances of the two SFE conditions considered (Runs 5.14 and 5.18). Figure 8.10 presents 
the COMoil  and the annual SCG oil production expected in each circumstance. In what concerns 
COMoil, it may be observed there are significant differences between the two cases. While the 
8.3.2 STUDY II – SFE OF SPENT COFFEE GROUNDS [3] 
  









lower pressure case (190 bar/40 ºC, Run 5.14) leads to a COMoil of 642 k€ year-1, at 300 bar and 
50 ºC it reaches 951 k€ year-1. To better understand the nature of these very distinct 
COMoil values, Figure 8.11 provides the partition of COMoil values in their respective fractions, 
namely, investment (FCI), labor (COL), utility (CUT), waste treatment (CWT), and raw 
material (CRM) costs – see Eq. (1).  
 
While FCI + COL absolute costs are exactly the same in both cases, (the SFE unit and the work 
load is the same), the CUT + CRM parcels increase significantly, passing from 25 % of 
COMoil in Run 5.14 to 50 % of COMoil in Run 5.18. Such increase is a direct consequence of the 
severer conditions of pressure (300 bar) and temperature (50 ºC), and of the higher number of 
batches being processed annually in view of the shorter extraction time (0.7 h). The more the 
batches processed the higher the amount of CO2 that is lost due to full decompression steps 
which increases the make-up costs of CO2. Moreover, shorter extraction cycles also imply 
higher costs of repressurization (CUT) and, also, a higher cost regarding the drying of the raw 
material (CUT). 
 
Figure 8.10 – Oil cost of manufacturing (COMoil) and oil production for two 0.4 m3 extractors 
in parallel, at 190 bar, 40 ºC, t = 3.8 h, QCO2 wSCG-1 =12 kgCO2 kg-1SCG h-1, and 300 bar, 50 ºC, t 
= 0.7 h, QCO2 wSCG-1 = 30 kgCO2 kg-1SCG h-1, respectively. 
 
 
If the economic assessment was based only on COM values, one would be tempted to opt 
towards the situation that leads to lower process costs. This is the drawback of using this 
methodology as single tool to evaluate the economic attractiveness of a process. Accordingly, if 
productivities are also taken into account for each case, one may disclose that the differences 
between the performances of the two cases are even greater than those of the COM values, as 
shown in Figure 8.12. While SFE case with severer conditions (300 bar/50 ºC/30 kgCO2 kg-1SCG 
h-1) lead to a COMoil 1.5 times greater, it also leads to an annual production 4.1 times greater, 
which reflects the great impact of the higher extraction rate advantages observed in Figure 8.9. 
  











As a result, the expected annual production at 300 bar, 50 ºC and t = 0.7 h is 176 ton of SCG 
oil, while at 190 bar, 40 ºC and t = 3.8 h, it is set on 43 ton. Furthermore if the COMoil and 
production results are combined in terms of a net income calculation, which is shown in Figure 
8.12, economic viability can be fully unveiled. Notwithstanding the fact that the two cases lead 
to a positive economic viability, the choice upon the fastest extraction case (300 bar, 50 ºC, t = 
0.7 h) represents 4.4 times the net income of the less productive case, reaching 21.9 M€ year-1. 
It is worthwhile to stress that in this case the viability of the process is highly supported by the 
larger productivity in view of the high commercial value of SCG oil, which thus pay the higher 
costs resulting from the harder extraction conditions implied.  
 
Figure 8.11 – Parcels (%) of the COMoil values (see Eq. (1)) for the SFE units working at 190 
bar, 40 ºC, t  = 3.8 h, QCO2 wSCG-1  = 12 kgCO2 kg-1SCG h-1 and 300 bar, 50 ºC, t = 0.7 h, QCO2 
wSCG-1 = 30 kgCO2 kg-1SCG h-1 respectively. In both cases there are two extractors of 0.4 m3 
working in parallel. 
 
Figure 8.12 – Net Income for two 0.4 m3 extractors in parallel at 190 bar, 40 ºC, t  = 3.8h, 
QCO2 wSCG-1 = 12 kgCO2 kg-1SCG h-1, and 300 bar, 50 ºC, t = 0.7 h, QCO2 wSCG-1 = 30 kgCO2 kg-1SCG 
h-1, respectively. 
  









Sensitivity analysis: extraction time and SFE unit capacity - It is worthwhile to check 
how COMoil, productivity and net income behave when some chief process parameters are 
changed. Furthermore, if the SFE unit layout is changed, the conjugation of different 
equipment, raw material, labor and utilities costs with the corresponding variations on 
productivity and thus product revenues may be meaningfully different. The same is true for 
extraction time, which largely influences the overall process net income, as previously 
discussed. The sensitivity analysis of this section is based on the best case studied before, namely 
SFE extraction curve at 300 bar, 50 ºC and QCO2 wSCG-1=30 kgCO2 kg-1SCG h-1 (Run 5.18). 
 
Figure 8.13 presents COMoil as a function of extraction time for each of the three SFE unit 
configurations referred in Table 8.3. Values for time of extraction equal to zero are provided to 
disclose the impact of investment (FCI) and operational labor (COL) costs, which represent the 
process fixed costs. The COMoil  values exhibit a similar trend in all cases, namely, they increase 
up to a maximum and then start to decrease: the maxima are 2 h for 3 extractors and 1 h for 2 
extractors. For an arrangement of 𝑁 extractors in parallel, such maxima correspond to: 
 
𝑡 (COMoil,   𝑚𝑎𝑥) = (𝑁 − 1)×𝑡prep  (27) 
 
where 𝑡prep  is the time required for the preparation of an extractor (unload, load and 
pressurization). The growing sections of Figure 8.13 are due to the increment of utilities cost 
(CUT) while their diminishing is attributed to the fall of CRM. Without loss of generality, this 
is clearly illustrated in Figure 8.14 for the case of 3 extractors of 1 m3. 
 
Figure 8.13 – Oil cost of manufacturing (COMoil) of spent coffee grounds (SCG) as function of 
extraction time per cycle, at 300 bar, 50 ºC, QCO2 wSCG-1 = 30 kgCO2 kg-1SCG h-1 (Run 5.18), for 
















Figure 8.14 – Utility (CUT) and raw material (CRM) costs against extraction time for the SFE 
of spent coffee grounds (SCG) oil at 300 bar, 50 ºC, QCO2 wSCG-1 = 30 kgCO2 kg-1SCG h-1 (Run 
5.18) for unit layout comprising 3 extractors of 1 m3 in parallel. 
 
In Figure 8.15 the SCG oil production is plotted against extraction time. It is evident the 
differences found for the three arrangements, as their maxima lie between 177 and 454 ton 
year-1. However, the most significant feature is the overlapping of the 3×0.4 m3 and 2×0.4 m3 
arrangements for extraction times lower than 1 h, since in this period the process is controlled 
by the preparation time, 𝑡prep = 1 h. 
 
Net income values are presented in Figure 8.16 as function of extraction time for the different 
SFE unit arrangement. Given all the assumptions of Table 8.3, the net income is positive for any 
extraction time and layout considered. The shape of the net income profiles is quite similar to 
the annual production profiles (Figure 8.15), because the expected revenues from the produced 
oil are rather high in comparison to the respective costs of manufacturing (COMoil ). The 
maximum values for each unit are 56 M€ for 3 extractors of 1 m3 and t = 2 h, 22 M€ for 3 
extractors of  0.4 m3 and t = 2 h, and 22 M€ for 2 extractors of 0.4 m3 and t = 1 h. Within the 
interval between t = 0.7 h (time established from extraction curve – see Figure 8.9) and 
𝑡(COMoil,   𝑚𝑎𝑥), the net income profile slightly increases, while outside it decreases sharply 
instead.  
  










Figure 8.15– Annual production of spent coffee grounds (SCG) oil as function of extraction 




Figure 8.16 – Net income of spent coffee grounds (SCG) oil as function of extraction time, at 
300 bar, 50 ºC, QCO2 wSCG-1 = 30 kgCO2 kg-1SCG h-1 (Run 5.18), for different SFE unit 
configurations. 
 
Sensitivity analysis: minimum pressure of the system - Besides time and extractors 
arrangement, another working parameter that also affects COMoil  is the minimum pressure in 
the separator where the extract precipitates, by means of the mass of CO2 that is lost in each 
batch and through the energy needed for heating and cooling. In this respect, a sensitivity 
analysis is provided in Figure 8.17 for an arrangement of 2 extractors with 0.4 m3, where P, T, t 
and QCO2 wSCG-1 conditions were held constant (300 bar, 50 ºC, 0.7 h and 30 kgCO2 kg-1SCG h-1¸ 
respectively) while the separator pressure was varied from 40 to 65 bar. The effect upon 
COMoil  is very important – with variations between -3.4 to +18.2 % - and it reflects the 
nonlinear variation of CO2 density with pressure. Furthermore, if the pressure in the separator 
is decreased to 40 bar, COMoil  value is reduced 3.4 %, a substantial saving. The implication of 
  











this result relies in the balance between the less CO2 that is lost in every full decompression to 
atmospheric pressure, and utilities necessary to pressurize the unit to 300 bar. Considering the 
increasing trend observable in Figure 8.17, results show that the impact of losing more CO2 
penalizes more the COMoil  value than the corresponding energy savings reduce its value. In 
addition, if 65 bar rather than 45 bar are used in the separator, the system will lead to a 
COMoil  value that is 18.2 % higher. If one takes into account that 25 bar (the range of 𝑃 values in 
Figure 8.17) in a process that operates at 300 bar may seem inoffensive, results reveal that such 




Figure 8.17 – Variation of cost of manufacturing (COMoil  ) as function of the separator 
pressure (reference = 45 bar). Data for SFE at 300 bar, 50 ºC, t = 0.7 h, QCO2 wSCG-1 = 30 kgCO2 
kg-1SCG h-1 (Run 5.18). The corresponding densities are 83.9, 97.8, 113.2, 130.2, 149.4 and 





Brief description of the SFE curves - With respect to the SFE results necessary for the 
optimization of COM, experimental data were taken from the work of Topal et al. [66], who 
measured extraction curves for pressures of 300, 400 and 500 bar, and temperatures of 70 , 80 
and 90 ºC. These authors tested different CO2 flow rates and ensured that 2.5 mL min-1 
(measured at pump condition) was high enough to eliminate the external film resistance to mass 
transfer and the accumulation in the bed. Therefore, the flow rate was considered already 
established for this process, and we only had to analyze the influence of pressure, temperature 
and mass of spent solvent. Concerning the raw material, dried tomato skin samples were used 
in amounts between 3.9 and 7.0 g per experiment. The maximum lycopene content of samples 
was determined by Soxhlet extraction using chloroform, and was identified as 1.13 g per kg of 
dry tomato skin. The lycopene concentrations were measured by HPLC analysis equipped with 
8.3.3 STUDY III – SFE OF TOMATO RESIDUES [4] 
  









UV-visible detector [66]. In view that drying skins were used, it was referred that lycopene was 
extracted from tomato skin with negligible degradation at the optimum conditions and that the 
amount extracted comprised 94 % of the total carotenoid content of the sample [66]. 
 
The comparison between supercritical ethane and supercritical carbon dioxide was based on the 
studies of Nobre et al [54, 67], who measured extraction curves for both solvents at the same 
pressure and temperature, namely 300 bar and 60 ºC. In their case, industrial wastes were used 
as raw material, with initial moisture content of 82.5 % (wt.) that was then reduced to 4.6 % 
(wt.) prior to the SFE assays. 
 
The most relevant information regarding the extraction curves analyzed in this work is 
compiled in Table 8.11, together with the most important results calculated for each curve, 
namely, the minimum COM and the corresponding lycopene production. These values are 
discussed in detail below. 
 
Table 8.11 – Experimental extraction curves considered in this work together with calculated 




















8.1 skin  CO2 300 70 2.4 4.2 803 [66] 
8.2 skin  CO2 300 80 2.4 3.5 974 [66] 
8.3 skin  CO2 300 90 2.4 2.6 1310 [66] 
8.4 skin  CO2 400 70 2.4 2.9 1549 [66] 
8.5 skin  CO2 400 80 2.4 2.6 1735 [66] 
8.6 skin  CO2 400 90 2.4 1.9 2451 [66] 
8.7 skin  CO2 500 70 2.4 2.7 1649 [66] 
8.8 skin CO2 500 80 2.4 2.2 3553 [66] 








Ethane 300 60 0.27 10.9 432.2 [67] 
 
 
Equilibrium calculations: lycopene solubility - Aiming at a better disclosure of the 
lycopene affinity to carbon dioxide, equilibrium calculations based on the Peng-Robinson EoS 
were performed following the method described in section 8.2.3 (Eqs. (8)-(18)). The necessary 
properties for these estimations are presented in Table 8.12, being part of them reported for 
  











the first time in the literature. The main objective of these calculations was the interpretation of 
the SFE data under analysis in the following sections. 
 
As far as lycopene solubility is concerned, Figure 8.18 plots ratios of this variable in relation to a 
reference condition arbitrarily defined as 300 bar and 70 ºC, which is linked to the minimum 
values of 𝑃 − 𝑇 operating conditions selected in our economic study. As a result, the graphed 
surface of solubility ratio unveil how lycopene dissolves in supercritical CO2 (SC-CO2) for 
pressures up to 500 bar and temperatures up to 90 ºC in relation to the reference condition. 
 
Table 8.12 – Properties necessary for the estimation of the lycopene solubility in SC-CO2. 
Property Value Ref. 
M (g mol-1) 456.7 - 
 (cm3mol-1) 415.7 [68] 
 565.15  [69] 
 801.19 This work 
 949.07 This work 
 11.9 This work 
 1527.0 
This work 
w (Pitzer acentric factor) 0.827  [70] 
  153.6 This work 
 91.6 This work 
 153.6 This work 
 -112.0 This work 
 
 
Several insights may be stressed from Figure 8.18, and perhaps the most pertinent one relies on 
the degree of variation of lycopene solubility within the 𝑃 − 𝑇 range considered: ratios can be as 
different as 1.0 (reference condition) and 16.7 (500 bar, 90 ºC).  From an individual variable 
perspective, changes in pressure or temperature affect significantly solubility, being the most 
significant jumps particularly for pressures equal or greater than 400 bar and temperatures from 
80 ºC on. Nevertheless, the most substantial increase of the lycopene solubility in SC-CO2 is 
given by combined increase of pressure and temperature. Accordingly, while the lowest ratio is 
found for the minimum pressure and temperature (300 bar and 70 ºC), the maximum solubility 
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Figure 8.18 – Ratio between the lycopene solubility in SC-CO2 at 𝑃 − 𝑇 and its value at 300 
bar and 70 ºC (reference condition). 
 
 
With respect to the temperature influence over the lycopene solubility, a worth noting feature 
should be referred. In this case, 𝑦𝑖
∗ is a monotonically increasing function of 𝑇, which means that 
the positive and exponential contribution of the lycopene vapour pressure dominates over the 
negative effect associated to the CO2 density reduction that penalizes solvent capacity. With 
relation to the pressure influence, the calculated results are in agreement with expectations 
since increments on 𝑃 increase the CO2 density, always favoring solubility. 
 
It is important to emphasize that the calculated solubility results are only valid for this binary 
system. The specific case of SFE of tomato residues comprise, among other compounds, the co-
removal of fatty acids, which have been referred as enhancers of the lycopene pigment 
extraction from the vegetable samples [71]. Therefore, despite Figure 8.18 suggests great 
alterations in the affinity of lycopene to the SC-CO2, within this range of pressure and 
temperature, the additional impact of other extractives can be of significant importance for an 
accurate thermodynamic understanding of the process.  
 
Screening of the significant factors - The first important achievement of RSM comprises 
the screening of the relevant effects governing the SFE. Accordingly, Figure 8.19 presents a 
discrimination of the regression parameters ranked from lowest (top of the graph) to highest 
(bottom of the graph) influence upon the response (bottom of the graph). Since each regression 
parameter is related to one specific effect – linear, quadric or crossed – the interpretation of 
  











Figure 8.19 goes beyond the mathematical meaning of the model, being suitable for the 
screening of these effects on the economics of the SFE process. 
 
The two most impacting effects on COM are pressure and temperature, which influence the 
response in the most desirable direction, viz. the decrease of the lycopene production costs. 
Despite both 𝑃 and 𝑇  have contributions toward the lowering of COM, the pressure is quite 
more influential, with an impact 1.3 times greater than that of temperature. In light of the 
major influence of these variables, one should refer the great agreement between these results 
and those shown in Figure 8.18 for the solubility of lycopene in SC-CO2. 
 
 
Figure 8.19 – Statistical impact of the different factors and interactions upon the COM 
response. Bars inside the dashed region are not statistically significant with 95 % confidence 
level. 
 
The third most influential effect on COMoil is the square of the pressure. Being a positive 
contribution, this effect leads to a curvature with tendency to exhibit a minimum zone. 
Nevertheless, according to Figure 8.19, the 𝑃× 𝑃 effect is about 36 % weaker than the linear 
impact of 𝑃. For this reason, the parabolic profile imparted by the quadratic term is softened by 
the expressive linear dependence on 𝑃. 
 
The synergistic combination of pressure and spent mass of CO2 (𝑃× 𝑤CO2) is the fourth most 
important effect on COM, exhibiting a similar impact to that of 𝑃 × 𝑃 in terms of magnitude and 
trend. Taking into account that the spent CO2 is proportional to the extraction time (𝑤CO2 ∝
𝑡ext), both 𝑃 and 𝑤CO2 are naturally interlinked since preferable COM values are obtained for 
lower extraction times when higher pressures are used, or higher extraction times if pressure is 
kept in low solubility regions. With relation to the positive contribution to COM, note that 𝑡ext 
  









or 𝑤CO2 influences directly the costs associated to the cycles of operation due to make-up CO2 
and biomass pretreatment. Besides, whenever the extraction tends to the maximum yield, any 
increment of 𝑡ext or 𝑤CO2 is counterproductive as the additional solute removal is low while the 
operating costs remain the same.  Accordingly, a trade-off between these costs and lycopene 
production enhancement defines the preferable extraction time. In conclusion, considering that 
a proper selection of both 𝑃 and 𝑤CO2 is key to boost the SFE productivity and economic 
performance, there is no surprise about the significant impact of the 𝑃× 𝑤CO2 interaction shown 
in Figure 8.19. 
 
Despite the linear 𝑤CO2 effect is relevant per se, its square, 𝑤CO2× 𝑤CO2 , is even more significant. 
Such parabolic behaviour reflects the trade-off that is inevitably established for this factor: i) 
During the first period of extraction, the extension of 𝑤CO2 (i.e. 𝑡ext) may be explored with 
interest as it increases the extraction yield proportionally. ii) Nonetheless, when the biomass is 
getting exhausted, increasing 𝑤CO2 is counterproductive as the extraction rate starts to be 
controlled by intraparticle diffusion.  
 
With regard to the seventh significant effect, the 𝑇 × 𝑃 interaction is only slightly beyond the 
threshold limits of 5 % marked in Figure 8.19, thus its influence on COM response is very soft 
in comparison to the previous ones. With relation to the remaining effects, the 95 % confidence 
level analysis pointed 𝑇 × 𝑇, and  𝑃 × 𝑤CO2 as not significant to explain COM variations. Hence 
these terms were purged from the original RSM regression, being the data refitted to 6 
parameters. The reduced and uncoded final model holds a determination coefficient 𝑅2 = 0.939 
and an adjusted determination coefficient 𝑅adj
2 = 0.923. It is given by:  
COM = 2393.6 − 643.13 (
𝑇 − 80
10
) − 809.92 (
𝑃 − 400
100




























It is worth noting that 𝑅adj
2 , that takes into account both 𝑅2 and the degrees of freedom, is 
similar to its corresponding 𝑅2. It is known that when 𝑅adj
2  and 𝑅2 differ considerably the model 
is prone to include nonsignificant terms, which was not our case. 
 
Analysis of significant effects - Owing to the confirmation of pressure and temperature as 
the major sources of influence upon COM, four surface graphs were plotted in Figure 8.20 to 
analyse the performances of COM in the edge 𝑃 and 𝑇 conditions. 
  












Figure 8.20 - COM values as function of (A) spent mass of CO2 and pressure for 𝑇 = 90 ºC, 
and (B) spent mass of CO2 and temperature for 𝑃 = 500 bar. Points, experimental data; 
surfaces, Eq. (28). 
 
In the range of 𝑃 − 𝑇 − 𝑤CO2 studied, the COM values vary from 1.8 to 6.6 k€ per kilogram of 
lycopene produced, which is a wide margin of variation that reinforces the importance of a 
correct selection of the SFE operating conditions. The lowest COM values were attained when 
a conjugation of highest 𝑃, highest 𝑇 and lowest 𝑤CO2 was observed (see Figures 8.20A or 
8.20B). On the other hand, the most expensive operation arose for a combination of lowest 𝑃, 
lowest 𝑇 and lowest 𝑤CO2, i.e. 300 bar, 70 ºC and 25 kgCO2kgsample
−1  (see Figures 8.20C or 
8.20D). 
 
When the plot of Figure 8.20A is inspected carefully (𝑇 = 90 ºC), not only the substantial 
influence of 𝑃 to decrease COM becomes clear, but also its linear/quadratic behavior in 
  









different 𝑤CO2 regions is evident: at low extraction times (𝑤CO2 = 25 kgCO2kgsample
−1 ), COM 
decreases slightly nonlinearly as pressure increases; on the other hand, at higher extraction 
times (𝑤CO2 = 100 kgCO2kgsample
−1 ), the quadratic influence of pressure overcomes the linear effect 
discussed above, leading to a minimum between 400 and 500 bar. 
 
The plot in Figure 8.20B, for the highest pressure (𝑃 = 500 bar), allows a visual confirmation of 
the temperature influence upon COM, namely a negative linear impact that is roughly identical 
for all 𝑤CO2 values considered. This was expected in advance since Figure 8.18 highlights that 
the lycopene solubility is very positively sensible to temperature at high pressures, which means 
that the vapor pressure increment dominates over the CO2 density decrease [23,35]. 
 
Despite representing less favorable COM situations, the plots of Figures 8.20C and 8.20D are 
useful to reinforce the chief role played by pressure. In fact, at 𝑇 = 70 ºC (Figure 8.20C) some 
COM values are still competitive (e.g., values between 2.7 and 2.8 k€ kglycopene
−1 ), but only near 
500 bar. The importance of high pressures to ensure low costs of manufacturing becomes 
evident through Figure 8.20D, which is plotted for 300 bar. In comparison to the remaining 
three graphs, the relative high position of this surface is markedly evident.  
 
Optimum COM conditions - Independently of the existence of a single minimum in the 
COM function, it is desirable to detach a region of low costs of manufacturing since we are 
dealing with a natural biomass. For this reason, the four most interesting experimental points of 
our COM optimization study were picked and plotted in Figure 8.21 for more careful 
discussion. These points range only from 1.8 and 2.0 k€ kglycopene
−1 , which represent a variation 
of 10 % between the lowest (500 bar/90 ºC/25 kgCO2kgsample
−1 ) and the highest (400 bar/90 
ºC/75 kgCO2kgsample
−1 ) COM value. If the economic assessment of this SFE process is exclusively 
focused on the COM response, one neglects for sure the importance of annual production, 
which will be a decisive indicator in this case. In order to tackle this issue, the lycopene annual 
production is plotted in Figure 8.21 overlapped to the corresponding COM values.  
 
When the lycopene production of the four most attractive COM datapoints are compared, one 
discloses that the same SFE unit produces annually between 1731 and 4316 kglycopene, which 
represents a global variation of 249 % for 10 % of COM reduction. Fortunately the operating 
conditions for the lowest COM (i.e., 500 bar/90 ºC/25 kgCO2kgsample
−1 ) are also the same for the 
highest productivity, which is very promising for an eventual commercial application. In the 
case of Runs 8.9 (second bar) and 6 (third bar), both COM and productivity are equivalent, but 
in Run 8.6 (fourth bar) the productivity dropped to 1731 kglycopene year−1 while the COM is 
practically the same. The key aspect behind these insights is the extraction time, which is also 
appended to Figure 8.21 (values between 1.1 and 2.5 h), as lower times increase the number of 
processed batches. Notwithstanding being only the fourth most important effect for COM, 
extraction time (through 𝑤CO2) is of utmost importance when productivity is assessed. In 
  











conclusion, Run 8.9 with 𝑤CO2 = 25 kgCO2kgsample
−1  (𝑡𝑒𝑥𝑡 = 1.1 h) is in fact linked to the best SFE 
operating conditions. 
 
Owing to the approach followed in this work, where COM analysis is combined with a 
statistical optimization method (RSM), it was possible to determine an optimum COM value for 
each extraction curve considered. In this respect, Figure 8.22 presents the nine cumulative 
curves used in this work, in which the specific region covered by the economic analysis 
(25 kgCO2kgsample
−1 ≤ 𝑤CO2 ≤ 100 kgCO2kgsample
−1 ) is highlighted. Furthermore, the various optima 
found were also marked in Figure 8.22, with the objective to point out the best CO2 
consumption for each curve, and a dashed line linking them was also drawn. Despite the great 
resemblance between the extraction curves of Figure 8.22  for 400 and 500 bar, (in opposition 
to the performances observed at 300 bar), their minimum COM values still correspond to a 
𝑤CO2 difference of 13-28 kgCO2kgsample
−1 , which in turn imply extraction cycles 31-56 min longer 
in the case of 𝑃 = 400 bar.  
 
 
Figure 8.21 – Lowest COM values obtained from the optimization study, together with their 














Figure 8.22 – Supercritical extraction curves, and line of optimum COM values. Runs 8.1-8.9 
of Table 8.11 for tomato skins. 
 
A noteworthy aspect of our approach concerns the scientific and reliable way it allows the 
detection of optimum COM values in extraction curves. Whenever two very defined periods of 
  











extraction are present, which occurs in the SFE of edible oils [72-73], the best extraction time is 
easily determined empirically from the intersection of the tangent lines to both periods of 
extraction (e.g., [3, 52]). Nonetheless, if the first period of extraction is absent or if the plateau 
corresponding to the maximum extraction yield is not well defined, which happens here with 
the curves at 300 bar/70 ºC (Figure 8.22A) and 300 bar/80 ºC (Figure 8.22B), such empirical 
determination is not accurate or even unsuitable. Most notably, even in the most simple and 
evident case of edible oils cited above, the best operating time after an economic analysis can be 
changed from that originally determined from the method of straight lines intersection [1, 3]. 
Taking all these arguments into account, it may be emphasized that the methodology proposed 
in this work (RSM-COM) answers the core objective of identifying rigorously the best COM of 
a SFE process. 
 
Supercritical ethane as an alternative to supercritical CO2 - Even though carbon 
dioxide is the prevalent solvent for the SFE of vegetable biomass, several authors have devoted 
their research also to ethane. Examples of research works using supercritical ethane and 
vegetable raw materials are found for cocoa beans [74], Cupuaçu seeds [75], and orange peel oil 
[76]. 
 
Owing to the existence of a study on the SFE of tomato residues with SC-ethane, our economic 
analysis was extended to this alternative. Accordingly, Nobre et al  [54, 67] measured 
extraction curves at fixed 𝑃 − 𝑇 conditions (300 bar and 60 ºC) using SC-CO2 and SC-ethane in 
the separation of industrial tomato wastes (see Table 8.11). Based on their results, the optimum 
extraction times were determined, along with COM and productivity, being the respective 
results listed in Table 8.11 and plotted in Figure 8.23. As far as we know, a comparison 
between these two solvents from an economic perspective for the same application has not been 
reported in the literature. 
 
The main insight from the economic analysis is suggested by the larger bars of Figure 8.23A, 
which stand for the COM of each process: the SC-ethane option leads to COM = 10900 € 
kglycopene
−1  against 17800 € kglycopene
−1  for the SC-CO2. Such ample magnitude recommends a 
further inspection on the reasons for this, for which the discrimination of the COM parcels 
provided in Figure 8.23B can bring some light. Accordingly, when four parcels of COM (see 
Eq. (1) and Table 8.5) are compared in an annual basis, it becomes clear that working with SC-
ethane is in fact more expensive. While labor cost (COL) is the same in both cases, the carbon 
dioxide process is considerably cheaper in terms of investment (FCI), utilities (CUT) and raw 
material (CRM) annual costs.  
 
As far as the investment cost is concerned, the penalization of unit price for ethane due to being 
a hazardous solvent is visible in Figure 8.23B, despite the small magnitude of the FCI bars in 
  









comparison to the other parcels. The fact that the explosion proof seems not to be an important 
hindrance to the economic performance of the process, it becomes a remarkable insight favoring 
the utilization of inflammable solvents (or even cosolvents) such as ethane, propane, ethanol, 
etc., among SFE technology.  
 
 
Figure 8.23 – Supercritical fluid extraction using carbon dioxide or ethane as solvent: (A) 
COM values and annual lycopene production; (B) structure of the different COM parcels (see 
Eq.(1)) for a year time basis. Operating conditions: CO2 (300 bar, 60 ºC, 𝑡ext = 1.5 h), ethane 
(300 bar, 60 ºC, 𝑡ext = 1.0 h). 
 
It is worth noting that both CUT and CRM parcels are strongly linked to the extraction time 
and that the latter is quite distinct in both cases: 𝑡ext = 1.0 h for ethane and 𝑡ext = 1.5 h for CO2. 
As consequence, the number of batches in the case of ethane is 50% greater, thus requiring 
higher biomass pretreatment costs (included in CUT). This is the key factor for the higher CUT 
parcel computed for ethane, and it should be credited as such because the sole operation 
(pumps and heating/cooling requirements) using SC-ethane is, in fact, cheaper than that 
working with SC-CO2. It is the higher volume of processed raw material in the case of SC-
ethane that makes its CUT parcel 1.4 times higher. 
 
In what concerns the higher CRM value, the number of annual batches (through extraction 
time) plays once again a decisive role in the performance observed for this parcel. Shorter 
  











processes imply more solvent lost in each full decompression from the minimum pressure of the 
system (i.e. 45 bar, see Table 8.5) to ambient pressure. In the case of ethane, not only the 
frequency of full decompressions is greater, due to the shorter cycles of the extractor, but also 
the amount of ethane lost at 45 bar is greater due to its higher density in comparison to CO2 
under the same pressure. On top of this, the higher cost of ethane in relation to carbon dioxide 
(941 vs. 800 € ton-1) contributes to the higher value exhibited by CRM parcel in the ethane case.  
 
Attending to the two previous paragraphs, it is clear that the ethane advantage cannot arise from 
savings at annual costs level. Since the reported COM values are ratios between costs and 
lycopene production, in an annual basis, the answer must lie on the denominator. 
Consequently, Figure 8.23.A answers to this argument through the thin bars, which represent 
the annual production in both cases: the SC-ethane provides an annual production 2.4 times 
greater than CO2, which is high enough to significantly decrease COM. 
 
As a final remark to this comparative solvent analysis, it should be referred that the optimization 
presented and discussed above revealed that the performance of CO2 at 300 bar is considerably 
worse than that at 500 bar in terms of COM values. Also, it should be taken into account that 
the tomato residues employed in both studies are distinct: tomato skins for the Run 8.1-8.9, 
and tomato industrial wastes (a mixture of pulps, skins, seeds) for Runs 10-11.  
 
While a proper comparison between ethane and carbon dioxide demands a larger and common 
range of operating conditions, the particular pressure and temperature used in this study is a 
priori technically unfavorable to carbon dioxide. Despite more competitive operating conditions 
for SC-CO2 could lead to other conclusions, the available data for this economic assessment 
suggests that ethane is advantageous for the SFE of lycopene from industrial tomato wastes, 
even considering a three-fold more expensive price of the SFE unit due to the explosion proof 






Brief description of the SFE curves - The RSM-COM optimization study carried out in 
this work was centered in the experimental data provided by Tai et al. [77], who measured SFE 
curves under different 𝑃, 𝑇 and 𝑄CO2/𝑤biomass conditions. The 𝑄CO2/𝑤biomass is the ratio of CO2 
mass flow rate to biomass weight, which is equivalent to a weight hourly space velocity 
(WHSV); it will henceforth be called specific CO2 flow rate. Their experiments were 
performed in a 0.056 L SFE apparatus, using 5 g of gac aril powder in each individual assay. As 
far as the SFE of carotenes from gac aril are concerned, the extracts content was determined by 
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absorbance at a wavelength of 450 nm, using β-carotene as standard. This method is described 
in greater detail in the work of Chuang and Brunner [78]. 
 
Table 8.13 summarizes the experimental conditions (𝑃, 𝑇, 𝑄CO2/𝑤biomass) of the extraction curves 
used in this assay (Runs 8.12-8.20), and presents our calculated best production costs for gac oil 
and carotenes in each run, within the 0.5-2.0 h time frame studied, as well as the respective 
production under that conditions. 
 
Screening effects and optimization of conditions for 𝐂𝐎𝐌𝐨𝐢𝐥 values - The first stage of 
the work comprised the screening of the linear, quadratic and crossed effects o 𝑃, 𝑇 and 𝑡 
regarding COMoil, aiming at (i) ranking the significant ones according to their relative impact, (ii) 
discarding the irrelevant ones, (iii) disclosing the positive or negative influence of each effect on 
COM. Figure 8.24 presents a Pareto chart with the screening results regarding COMoil. 
 
Pressure is the most influential factor on COMoil, either individually (𝑃), or crossed with 
temperature (𝑃×𝑇) and with time (𝑃×𝑡). Contrarily to the former terms, increments of 𝑃×𝑡 
increase COMoil values (undesirable effect), a behaviour that is also observed for the quadratic 
contribution of time (𝑡×𝑡). In addition, the latter is the second most influent among the 
contributions studied. On the other hand, the screening shows that (𝑇×𝑡) and (𝑇×𝑇) are not 
statistically significant for COMoil.  
 
Upon an inspection of the three most important bars of the Pareto chart plotted in Figure 8.24, 
it is evident the prevailing importance of 𝑃 and 𝑡 factors, whether independently or combined, 
in relation to temperature. In great resemblance to what was observed for SFE of lycopene from 
tomato residues using RSM-COM approach [4], the linear effect of 𝑃 assumes a dominant role 
on the decrease of COMoil (desirable effect), and therefore higher values of pressure cheapen the 
process.  Despite high pressures represent essentially higher utilities costs, 𝑃 plays a chief role in 
the extraction rate and maximum yield of the SFE curves, being able to enhance process 
productivity and thus decrease COMoil, as the latter is the ratio between the annual costs and the 
oil amount produced in the same time frame. 
 
With regard to the effect of time, its quadratic term (𝑡×𝑡) is only slightly less influent than 𝑃. 
Being a term of second degree it implies the profiles along 𝑡 are quadratic and, besides this, the 
positive sign associated to this parcel reflects a curvature profile with a minimum COMoil value 
(positive second derivative). This trade-off result is rather comprehensible since extraction time 
affects the process economics through two antagonistic sides. If on the one hand it establishes 
the number of batches processed each year and thus raw material drying and also make-up CO2 
costs, on the other hand it influences productivity, namely the attained extraction yields, as 
process kinetics is different for every (𝑃, 𝑇) pair chosen. For the discussed reasons, one can  
  












Table 8.13 − Extraction curves considered and some results in the 0.5-2.0 h time frame: experimental conditions, calculated minimum COMoil  and 
COMcarotenes  values, and the respective annual productions. Data taken from [77]. 



























8.12 ✓   200 40 70 11.99 71.99 - - 
8.13 ✓   400 40 70 8.11 110.73 - - 
8.14 ✓ ✓  200 50 70 15.05 50.77 2560 280 
8.15  ✓  300 50 70 8.00 109.86 930 950 
8.16 ✓ ✓ ✓ 400 50 70 7.98 112.40 790 1130 
8.17 ✓   200 60 70 21.90 32.59 - - 
8.18 ✓ ✓ ✓ 400 60 70 7.98 111.81 1160 770 
8.19   ✓ 400 60 50 8.51 101.47 - - 
8.20   ✓ 400 60 90 8.31 111.40 - - 








expect that an optimum intermediate extraction time should be found for COMoil for each (𝑃, 𝑇) 
considered. 
 
As far as temperature is concerned, the studied range of 40-60 ºC belongs to the typical 𝑇 values 
used in SFE of vegetable biomass [1], and perhaps its lower impact on results (𝑇 bars vs. 𝑃 
and/or 𝑡 bars) reflects a more appropriate choice of this variable a priori. Like 𝑡, temperature 
can affect the process in both costs and productivity fronts. However, the screening results 
reveal that the individual influence of temperature is as important for COMoil as the covariation 
of  𝑇 and 𝑃. In fact these two terms (𝑇 and 𝑃×𝑇) null each other in terms of the way they impact 
COMoil. 
 
Based on the Pareto chart, the negligible contributions for a significance level of 0.05 were 
discarded from the statistical modeling, namely 𝑇×𝑡 and 𝑇×𝑇 terms. The final reduced uncoded 
model is given by: 
 
COMoil = 0.02714×𝑃 + 1.198×𝑇 − 41.44×𝑡 + 0.05755 
×𝑃×𝑡 − 0.003030×𝑇×𝑃 + 8.738×𝑡2 + 6.560 
(29) 
 
where the units of COMoil, 𝑃, 𝑇, and 𝑡 are  € kgoil
−1, bar, ºC and h, respectively, and for which the 





Figure 8.24 – Statistical impact of the different factors and interactions upon COMoil response. 
Bars inside the dashed region are not statistically significant for a 95% confidence interval. 
 
Figure 8.25 presents four response surfaces obtained by Eq. (29), where the importance of a 
good selection of (𝑃, 𝑇, 𝑡) conditions is quite evident from the relative degree of variation 
  











observed between COMoil results. Taking into account that the same COMoil axis scale was used 
for each plot, the rather different COMoil values in each graph can be visually compared. 
Accordingly, the highest COMoil value is attained for lowest pressure, shortest time and 
maximum temperature (viz. 200 bar, 0.5 h, and 60 ºC), where COMoil = 41 € kgoil
−1
 (see Figures 
8.25B and 8.25C). On the other hand the minimum value of COM is placed at the highest 𝑃, 
intermediate 𝑡 and maximum 𝑇 (viz.  400 bar, 1 h, and 60 ºC) where COMoil = 8 € kgoil
−1 (see 
Figures 8.25B and 8.25D).  
 
 
Figure 8.25 − COMoil as function of (A) 𝑃 and 𝑡 at 𝑇= 40 ºC; (B) 𝑃 and 𝑡  at 𝑇= 60 ºC; (C) 𝑇 
and 𝑡 at 𝑃 = 200 bar; (D) 𝑇 and 𝑡 at 𝑃 = 400 bar. Points represent COMoil values computed from 
experimental data; surfaces are calculated by Eq. (29). 
 
  









Looking at COMoil evolution along 𝑃 axes, decreasing ramp profiles towards higher 𝑃 values are 
noticeable in Figures 8.25A and 8.25B. These are visual confirmations of the larger bar of the 
Pareto chart of Figure 8.25 regarding the impact of 𝑃 and 𝑃×𝑇. Hence, under the most 
favorable pressure (400 bar; Figure 8.25D), the variation of COMoil  is narrower. In fact, in this 
plot the maximum COMoil worths 13 € kgoil
−1 for 𝑡 = 2 h and 𝑇 = 60°C, and the minimum is 8 
€ kgoil
−1 for 𝑡 = 1 h and  𝑇 = 60 ºC. This result is naturally associated to the expected increment 
of CO2 solvent power with increasing pressure. According to the works of Giddings and 
collaborators [79-80], the following simple expression may be used to estimate the solvent 
power of carbon dioxide via its Hildebrand solubility parameter (𝛿): 
 
 ebr,r21c25.1  P  (30) 
where 𝑃c is critical pressure, 𝜌r is reduced density, and 𝜌r,eb is reduced density at normal boiling 
point. It is clear that high pressures give rise to high densities, and thus to high solubilities. 
 
With reference to the graphical behavior of COMoil vs. 𝑡, the expected quadratic profiles are 
noticeable in any of the four surfaces of Figure 8.25, with minimum COMoil values located at 𝑡 = 
1 h whatsoever the 𝑃 − 𝑇 values considered. On the other hand, upon inspection of maximum 
COMoil regions of each graph, one can disclose that they rely on combinations of extraction time 
and pressure, which is in agreement with the 𝑃×𝑡 contribution (see Figure 8.25). While under 
low 𝑃 values the maximum COMoil   is observed at shorter times (𝑡 = 0.5 h), the increase of 
𝑃 leads to maximum COMoil values being relocated to the regions where extraction cycles have 2 
h of duration (see Figures 8.25C and 8.25D). The results are in agreement with our 
expectations because: (i) at low pressure the solvent power of CO2 is lower, therefore, 
increasing the extraction time becomes benefic for the process; (ii) at high pressure the 
solubility is higher, which means there is no gain when extraction time is continuously raised, 
because biomass is quickly exhausted. Time is capital during the first period of extraction, but 
essentially adverse in economic terms in the second period. This is particularly evident in the 
case of SFE of edible oils [72, 81-85]. 
 
For the assessment of the graphical influence of temperature, it is worth noting that this factor 
has an important impact when the operation is set at the lowest pressure (i.e. out of the 
preferable 𝑃), but becomes almost of negligible importance at maximum 𝑃. In this sense, upon 
holding constant the best pressure (400 bar), and allowing variations on 𝑇 and 𝑡 (see Figure 
8.25D), the reduced individual influence of 𝑇 is promptly perceived (Figure 8.25D). On the 
contrary, Figure 8.25C evidences the importance of 𝑇 at 𝑃 = 200 bar, particularly when short 
cycles are considered. These observations are easily interpreted, because at high pressure the 
influence of temperature upon oil solubility is weaker. At 200 bar,  ranges from 7.3 to 6.3 
MPa0.5, for 𝑇 between 40 and 60 ºC, while at 400 bar the previous range is only 8.3 – 7.7 
MPa0.5. 
  











As a final remark, it is pertinent to refer that gac oil is currently traded at 5-200 € kgoil
−1  [86], 
depending on its quality. Hence, considering that a SFE based process provides a product with 
high quality and a green label, COMoil values ranging from 8 to 41 € kgoil
−1
 are rather compatible 
with current market prices. Nevertheless, optimization may be of decisive importance to ensure 
the economic robustness of the process. 
 
Sensitivity analysis of 𝐂𝐎𝐌𝐨𝐢𝐥 to specific flow rate - Considering that the SC-CO2 flow 
rate is one of the most important parameters to specify within SFE technology (it affects not 
only the expenses of running the process but also productivity) it is of major relevance to study 
the overall dependence of COMoil on 𝑄CO2/𝑊biomass. Hence, a sensitivity analysis of the impact of 
the specific flow rate on COMoil was performed at 400 bar and 50 ºC for 𝑄CO2/𝑊biomass values of 
50, 70 and 90 kgCO2  h
−1 kgbiomass
−1 , and using the same extraction times considered above, i.e. 
0.5, 1.0, 1.5, 2.0 h. The reason for using 𝑇=50 ºC rather than 60 ºC (the best 𝑇) dues to the 
availability of experimental data for the proposed study (see Table 8.13). Nonetheless, the 
conclusions are the same because, as has been shown, the influence of temperature is very weak 
at 400 bar. 
 
Figure 8.26 represents the evolution of the COMoil with extraction time for the specific flow 




−1 , the trend is clearly convex with a minimum for 
𝑡=1.0 h. In contrast, for both 70 and 90 kgCO2  h
−1 kgbiomass
−1 , the minimum COMoil is still 
observed at 1.0 h, but both profiles are essentially monotonic functions. The highest production 
cost is observed at 𝑡 = 2.0 h and 𝑄CO2/𝑊biomass = 90 kgCO2  h
−1 kgbiomass
−1 , reaching 13 € kgoil
−1 . 
On the other hand, the lowest COMoil is found for the (𝑃, 𝑇, 𝑄CO2/𝑊biomass) conditions reported 
in before, i.e. 400 bar, 1.0 h and 70 kgCO2  h
−1 kgbiomass
−1 , amounting 8 € kgoil
−1. 
 
In order to evaluate theCOMoil  sensitivity to 𝑄CO2/𝑊biomass at distinct extraction times, it is 
necessary to recall that different 𝑡 values imply different number of batches being processed by 
the SFE unit. The increase of this number is accompanied with larger CO2 make-up costs 
(affecting the CRM parcel in Eq. (1)) and the utility-drying costs (CUT in Eq. (1)). As a result, 
decreasing t for fixed 𝑄CO2/𝑊biomass not only increases utilities consumption but also the costs of 
raw material. If, in turn, 𝑄CO2/𝑊biomass is changed instead of t, its increase affects the COMoil  
only through an increase of the utilities consumption, due to pumping and 
heating/condensation of CO2. Therefore, the combination of shorter 𝑡 and higher 𝑄CO2/
𝑊biomass values is expected to be the worst scenario for COMoil attending to both CUT and CRM 
contributions. Nonetheless, since productivity also matters for COMoil when expressed as € kgoil
−1, 
these cost trends may be softened or sharpened due to the shapes of extraction curves. 
 
As it is known, flow rate increments induce productivity enhancements only until a threshold 
limit, after which the SFE process becomes solely dependent on intraparticle kinetics. In fact, 
  









such increments reduce the film resistance to mass transfer until vanishing it completely after a 
certain Biot number is attained. Remember Biot ≡ (𝑘f 𝑑p̅̅ ̅̅ ) 𝐷eff⁄ , where 𝑘f is the convective mass 
transfer coefficient, 𝑑p̅̅ ̅ is the mean particle diameter, and 𝐷eff is the effective diffusivity in the 
particle. While at fixed 𝑃 and 𝑇 the film resistance can be reduced by increasing  𝑄CO2/𝑊biomass 
(which increases 𝑘f), the intraparticle kinetics relies on variables like particle size (diffusion 
length) and internal structure of the biomass (porosity and tortuosity, as a first approximation). 
Accordingly, the results for 𝑄CO2/𝑊biomass variations from 70 to 90 kgCO2  h
−1 kgbiomass
−1  presented 




Figure 8.26 − Evolution of the COMoil along time at 𝑃 = 400 bar and 𝑇 = 50 ºC, for different 
specific flow rates. 
 
Production costs of carotenes from gac aril - As gac fruit is known to have a high content 
of carotenes in its aril, a study on the cost of manufacturing with respect to these compounds 
was deemed worthy and pertinent. 
 
Profiles of COMcarotenes along extraction time for different (𝑃, 𝑇) conditions are plotted in Figure 
8.27. Although each of the three variables must be taken into consideration in order to reach 
the optimum operating point (lowest COMcarotenes), it is clear that 𝑃 once again exhibits the 
highest impact upon the overall choice of process conditions, particularly under short cycle 
operation (𝑡 = 0.5 h) where it can increase COMcarotenes up to 12 times, under the same 𝑇 (50 
˚C). Depending on the chosen combinations of (𝑃, 𝑇, 𝑡), carotenes production costs can range 
from 755 € kgcarotenes
−1  for 400 bar, 50 ºC and 1.0 h , to 10900 € kgcarotenes
−1  , at 200 bar, 50 ºC 
and 0.5 h. 
 
Taking into account solely the contribution of pressure for the optimized 𝑡=1 h (obtained above 
regarding RSM-COM), the COMcarotenes between 300 and 400 bar worths 946 € kgcarotenes
−1  and 
  












−1 , respectively. This means that lowering the pressure by 100 bar implies a 
production of carotenes that is 25 % more expensive. In addition, out of the optimum 
extraction time zone, the economic gap between these two pressures modifies, particularly if 
the SFE cycles are made shorter. For instance, at 𝑡 = 0.5 h the referred reduction of 100 bar 
imparts a 235 % more expensive process. For 𝑡 = 1.5 and 2.0 h the variations are only 20% and 
22 %, respectively. 
  
Within the examination of COMcarotenes for optimum (𝑃, 𝑇)  conditions (i.e. 400 bar and 50 ºC), 
the trend along time is identical to the one observed previously in the study of the extraction of 
bulk gac oil. However, such trend is not observed in the case of 𝑃 = 200 bar, for which 
maximum 𝑡 is the preferable option, as it lowers COMcarotenes up to 4 times in relation to 𝑡 =
0.5 h. 
 
Figure 8.27 −  COMcarotenes along extraction time for different (𝑃, 𝑇) conditions. 
 
With reference to the impact of temperature on COMcarotenes, its contribution seems to affect 
the absolute values attained but not the trend along time. In this respect, one should point the 
similarity of the profiles attained at 400 bar/50 ºC and 400 bar/60 ºC. A noteworthy remark 
concerning temperature influence on the overall SFE process comprises the fact that the best 
(𝑃, 𝑡) values for COMoil  (400 bar/60 ºC) do not correspond to the preferable operating 
conditions to minimize the cost of manufacturing of carotenes: less 10 ºC is preferable for a 
minimized COMcarotenes.  
 
 In the whole, the COM results regarding oil production and uptake of carotenes seem in this 
case to be almost synchronized (400 bar and 1 h, but 𝑇 is the exception), which reinforces the 
role played by the optimization carried out in this study towards choosing adequate operating 
conditions in processes of this kind. Moreover, the production cost of 755 € kgcarotenes
−1  seems 
  









not an unbearable economic hurdle at least considering reported quotations of lycopene and β–
carotene (small scale purchasing reality), ranging from 104  to 105 € kg−1 for individual purities 
greater than 90 % [4, 87]. The most competitive COMcarotenes achieved in this work provide 
enough economic margin to devise and match a posterior purification stage of the supercritical 





SFE of Moringa seeds – A techno-economic study encompassing the production of edible oil 
and an independent fraction of sterols from Moringa oleifeira seeds was accomplished using the 
RSM-COM approach. The integrated process comprehends the preliminary drying of the 
biomass, then its subcritical fluid extraction, and finally the separation of sterols from the bulk 
oil. 
 
While temperature (30 ºC) and flow rate (20 kg h−1) remained constant in the study, but the 
pressure (𝑃) and extraction time (𝑡) conditions were optimized within the ranges of 150-350 
bar and 1.3-3.4 h, respectively. The sterols purification was assessed through a simulation of a 
vacuum distillation (reported in the literature) using Aspen Plus®. 
 
The statistical screening of effects showed that 𝑃 is the variable with prevailing impact on the 
decrease of COMoil values, and that time is important when crossed with pressure. Hence, the 
optima conditions for a minimized cost of manufacturing are 350 bar and 1.3 h, where 
COM oil=2.76 € kgoil
−1 using a SFE unit comprising two extractors of 1 m3 capacity. 
 
Upon the inclusion of a downstream vacuum distillation stage, several cases were studied and 
the most profitable one comprises the sharing of human resources between the SFE (operating 7 
days a week) and the distillation unit (operating 1 day a week), giving rise to an annual 
production of 558.9 tons of oil and 1.9 tons of sterols, and an estimated net income of 
15.87 M€ year−1. 
 
In the whole, this study attests that the proposed integrated process for the coproduction of high 
quality edible oil and a mixture of sterols with 89.4 wt.% purity is feasible and benefits from 
labor cost synergies. The estimated positive economic performance of the process opens the 
way for further attempts to implement the biorefinery concept through a green technology such 
as sub/supercritical fluid extraction. 
 
 
SFE of spent coffee grounds – The supercritical fluid extraction of spent coffee grounds 
(SCG) oil was studied in this work by measuring extraction curves at different conditions, 
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followed by oil characterization, modeling and economic analysis. Results were deeply 
compared with data from the literature. Under the range of experimental conditions covered, 
the final extraction yields lie within 0.61–0.81 of n-hexane Soxhlet values. 
 
The obtained SFE oils are rich in linoleic and palmitic acids (44.5 and 37.5 %) with profiles 
comparable to Soxhlet results (44.7 and 37.4 %) and are in agreement with the values reported 
in the literature. Moreover the triacylglycerides profiles remain uniform along the supercritical 
extraction. 
 
A preliminary economic evaluation involving two assays from the four experiments under 
analysis revealed that 300 bar/50 ºC/30 kgCO2 kg-1SCG h-1 are the most advantageous operating 
conditions, independently of the unit arrangement considered. For a set-up of 3 beds of 1 m3, 
the production evolves like 0–439–454–311 ton year-1 for 0–0.7–2.0–3.0 h of extraction. If 
extraction time is held in 2 h, the cost of manufacturing (COM) is 2.4 M€ year-1 and the process 
net income reaches 56 M€ year-1, which is a very promising result. 
 
Through a sensitivity analysis, it was shown that an accurate definition of the separator vessel 
pressure has a significant impact on COM value, and that a 25 bar difference in this parameter 
can lead to a COM increase of 18.2 %. 
 
 
SFE of tomato residues – In this work the economics of the SFE of lycopene from tomato 
wastes was analyzed by the RSM-COM approach. In this way an accurate procedure for the 
determination of the best operating conditions in terms of final costs of production is available 
in contrast to conventional approaches. The variables under analysis were pressure, 
temperature and spent CO2 (or, equivalently, extraction time). 
 
Through a statistical screening of effects, both pressure and temperature were confirmed as the 
chief sources of influence upon COM, which agrees with the estimated trend of the lycopene 
solubility in SC-CO2. Increasing these variables cheapens the process, being the influence linear 
on T but linear plus quadratic on P. Spent CO2 (and thus extraction time) is also significant, 
imparting a parabolic effect on COM and a crossed interlink with pressure. 
 
The experimental COM values ranged from 1.8 to 6.6 k€ per kilogram of lycopene produced, 
and the best operating conditions were 500 bar/90 ºC/25 kgCO2kgsample
−1 . Among the 
(𝑃, 𝑇, 𝑤CO2) conditions that provide costs of manufacturing close to the best COM, very distinct 
annual production values were achieved: they varied up to 249 % against 10 % of COM 
variation. This fact should be taken into account for a final establishment of the SFE operation. 
 
  









The screening of the best supercritical solvent (ethane versus carbon dioxide) was also studied at 
300 bar and 60 ºC. With SC-ethane higher extraction rates were observed, giving rise to 
shorter extraction cycles and thus greater annual productivity and lower COM. Nonetheless, 
under these (𝑃, 𝑇) conditions the carbon dioxide is far from its best performance as solvent. 
 
 
SFE of gac fruit – The optimization of a gac oil production process combining a drying 
pretreatment line and a SFE unit was performed using the RSM-COM approach. This method 
provided an accurate way of determining the best pressure (𝑃), temperature (𝑇), and extraction 
time (𝑡) for the minimization of the cost of manufacturing (COM) regarding gac oil and also 
carotenes production. 
 
The statistical screening of relevant factors showed that the linear increase of  𝑃 plays the biggest 
role in the decrease of COMoil, followed by a quadratic effect imposed by 𝑡, which gives rise to a 
minimum COMoil region. The crossed effect of extraction time and pressure comprise the third 
most influent contribution. 
 
With regard to the optimization of the SFE of gac oil, the minimum COMoil is attained at 400 
bar, 60 °C and 1 h, amounting 8 € kgoil
−1. This value shows that the combined drying and SFE 
units are not only technically but also economically feasible in terms of market, since gac oil is 
currently traded at 30-50 € kgoil
−1 (in low amount orders). 
 
The assessment of production cost of carotenes extraction from gac aryl pointed to 
COMcarotenes from 755 to 10900 € kgcarotenes
−1  , for the operating conditions of 400 bar/50 ºC 
/1.0 h and 200 bar/50 ºC/0.5 h, respectively. The lowest value of COMcarotenes is also bearable 
from a market perspective, as pure carotenes are traded between 104 and 105€ kg−1  and the 
best results reported allow an economic margin to devise final purification. 
 
The sensitivity analysis of specific flow rate (𝑄CO2/𝑊biomass) on the production cost of gac oil 
showed that at optimum extraction time (𝑡 = 1 h) the best 𝑄CO2/𝑊biomass is 
70 kgCO2  h
−1 kgbiomass
−1 . The study revealed also that film diffusion limitations are significant at 
lower specific flow rate. 
 
In the whole, the outcomes of this study fully support the exploitation of gac oil (and naturally 
occurring carotenes) from gac aryl through a green process like supercritical fluid extraction. 
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rom an academic point of view, research on SFE has evolved and diversified since the 
early works on 1970 and 1980 decades, when this technology appeared vigorously as a 
promising bet for the upcoming years. Up to now, despite all progress achieved, wide 
implementation SFE technology is still to emerge, though the massive contribute of many 
researchers along years towards its consolidation. 
 
The significant progress on this field is better disclosed if the yearly expectations of Rizvi at al. 
[1] are revisited. They stressed in 1986 that SFE was suffering technical restrictions imposed by 
the lack of knowledge concerning the complexity of natural substrates, which could be 
overcome with the development of reliable predictive models. Thirteen years later Smith et al. 
[2] still presented SFE as an immature technology still lacking robustness, as operational 
problems were prone to arise as consequence of the results being too matrix dependent.   
 
Based on this thesis, one can assure that last decades have seen great advances for which full 
characterization and quantification of supercritical extracts, assessment of kinetic and 
equilibrium aspects, phenomenological modeling and optimization of operating conditions using 
statistical tools like DOE and RSM are elucidating examples. An important weakness is still 
found regarding fundamental research on the SFE of natural biomass so that the solutes-matrix 
interactions can be better understood and correctly taken into account by reliable predictive 
models.  
 
Despite many SFE works lead to no further contribution than extracts production and their 
subsequent characterization, this dissertation emphasizes that SFE field has been fed with 
intermediate research (e.g., optimization of operating conditions or modeling) and by scale-up 
and economic studies that place investigation very close to industrial partners. 
 
Apart from the specific insights disclosed in the previous chapters, the experimental and 
modeling work performed in this thesis led to the following conclusions: 
• Eucalypt (Eucalyptus globulus) bark: whether pure or modified with ethanol, SC-CO2 was 
able to remove triterpenic acids, and the measurement and modeling of extraction 
curves under optimum conditions (200 bar, 40 ºC and 2.5-5.0 wt.% of ethanol) pointed 
the ratio between solvent flow rate and biomass weight as the appropriate scale-up 
criterion of the process. With this criterion, a successful experimental scale-up was 
achieved at three scales: 0.5, 5.0, and 80 L. 
• Turkish oak (Quercus cerris) cork: bulk extracts containing ca. 35 wt.% of friedeline were 
successfully produced by SFE and the extraction curves were modeled. The selectivity 
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to friedeline can reach up to 2.5 through a correct selection of particle size, cosolvent 
(ethanol) amounts and extraction time. 
• Water hyacinth (Eichhornia crassipes) leaves and stalks: stigmasterol enriched extracts 
were obtained for shorter times (<1 h). The optimized conditions for total extraction 
yield were 250–300 bar and 5.0 wt.% ethanol, while for sterols were 300 bar and 2.5 
wt.%. 
• Tomato (Solanum lycopersicum) wastes: both carbon dioxide and ethane can be used as 
supercritical solvents to produce an essential oil that is rich in lycopene. The viability of 
the SFE was demonstrated, but while ethane led to greater productivity, further 
research is needed to define which one is preferable on a global basis. 
• Gac (Momordica. cochinchinensis) fruit: it may be a promising and economically viable 
source of carotenes when produced by SFE at 400 bar, 70-90 kgCO2kgbiomass
−1 h−1, during 
0.5-1.0 h. 
• Moringa (Moringa oleifera) seeds: a techno-economic analysis unveiled that a well 
designed integrated process combining SFE and vacuum distillation allows the 
simultaneous production of an essential oil and a sterols enriched extract with 89.4 % 
concentration. 
• Spent coffee (Coffea spp.) grounds: the oil produced by SFE is up to 4.1 times richer in 
diterpenes than n-hexane extracts, and a highly profitable process may be expected at 
commercial level. 
To conclude, the extensive compilation and critical systematization of works provided by this 
thesis document the substantial advances that SFE field has been achieving as a result of intense, 
progressive and multidisciplinary research. Since 2000 the field has burst in terms of new 
biomass species, investigation of extracts enrichment and molecules isolation, and in the 
required tools and background knowledge necessary to reach a final degree where the feasibility 
of SFE implementation is expected. Through research, SFE has reached new industrial sectors 
into which there used to be weak ties. It is the case of pulp and paper industry and the recent 
election of supercritical CO2 as a breakthrough technology for the 2050 world, attributed by the 
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10 FUTURE WORK 
 
 
he cumulative knowledge achieved in the SFE field has provided substantial progress on 
analytical, engineering, scale-up and economic issues regarding implementation of SFE 
processes at industrial level. Nevertheless, as Brunner [1] noted, much of the SFE 
research is not structured in a way that allows the design of a pathway from feedstock to 
products. In this sense, improvements are expected in upcoming years in order to enhance the 
quality of the research in the field on a cradle-to-gate perspective. 
 
An important weakness is still found regarding fundamental research on the SFE of natural 
biomass so that the solutes-matrix interactions can be better understood and modeled. From a 
comprehensive observation, thermodynamic/equilibrium is still a field where further research 
is recommended, namely on the fundamental modeling of solutes in SC-CO2, modified or not 
with cosolvents. While this observation embodies an effective opportunity for further 
consolidation of SFE research, scale-up is perhaps the second area where there is a substantial 
margin for deeper experimental work. Many authors limit the scale-up to slight volume or 
capacity jumps, placing their studies closer to lab scale than to a real commercial scale. As long 
as research comprises lab and real pilot units, together with reliable modeling and scale-up 
criteria, the uncertainty associated with natural biomass may be left behind, and the 
supercritical technology may reach an effective consolidation for industry. In addition, the 
combination of more comprehensive scale-up works with economic assessment studies would 
foster a clearer perception of the techno-economic appeal of SFE. 
 
Beyond the aforementioned items, that can attenuate current sources of uncertainty for the SFE 
processes themselves, the knowledge of extracts price is frequently a source of uncertainty that 
can hinder their correct economic assessments. Taking into account the novelty of some active 
principles or their relatively niche dimension market, the establishment of a price for an extract 
can be so influential that a whole SFE process viability can be strongly penalized or 
unrealistically overestimated per se, independently of other aspects. Given that SFE many times 
allows the enhancement of target species concentration in extracts, SFE selectivity advantages 
for the quality of a final extract can only be fully disclosed upon a proper estimation of its 
market price for different compositions. As long as extract prices for distinct solutes 
concentration are known, the economic evaluation of SFE matched with purification techniques 
can be rigorously accomplished. In the whole, this argument highlights combined and hybrid 













Despite many SFE works lead to no further contribution than extracts production and their 
subsequent characterization, this thesis emphasizes that SFE field has been fed with intermediate 
research (e.g., optimization of operating conditions or modeling) and by scale-up and economic 
studies that place investigation very close to industrial partners. From industry side, there is still 
some hesitancy on a widespread implementation of supercritical technology both to new raw 
materials and well known ones, despite the number of patents filled every year in this area. In 
this respect, Machado et al. [2] published some data concerning patents from 1974 to 2012, 
where a substantial raise is observed since 2000, being the maximum in 2012, with 61 
documents deposited. Some of these documents cover specific classes of bioactive compounds, 
such as the triterpernoids, including ursolic, oleanolic and betulinic acids [3]. Finally, food and 
agricultural sector represents one third of the SFE patent applications [2], which can be taken as 
a sign of the strong interlink between the biomass valorization opportunities and the biorefinery 
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